Fabrication and delivery of non-destructive readout memory buffers using laminated layer technique  Summary technical report by Kenny, N. et al.
GPO PRICE $ 
i 
CFSTI PRICE(S) $ 
Hard copy (HC) 
Microfiche (M F) 
.N66 35768 



















FABRICATION AND DELIVERY OF NON-DESTRUCTIVE READ OUT 
MEMORY BUFFERS USING LAMINATED LAYER TECHNIQUE 
Summary T e c h n i c a l  Report  
C o n t r a c t  No. NAS8-11986 
P r e p a r e d  by: 
Neal Kenny 
Theodore  P. J a n u s  
Raymond J. C a r p e n t e r  
MATERIALS RESEARCH CORPORATION 
Orangeburg ,  N e w  York 
J u n e  1966 
MRC No. 549 
i . .  
i 
I 
TABLE OF CONTENTS 
Sect ion  
1.0 
S m M Y  ...................................... 
INTRODUCTION ................................. 
2.0 MATERIAL AND PROCESSING STUDIES .............. 
2.1 I n t r o d u c t i o n  ............................ 
2.2 P repa ra t ion  of Materials ................ 
2.2.1 M a t e r i a l  Compositions ............ 
2.2.2 Melt ing Procedure ................ 
2.3 Process ing  Procedures ................... 
2.3.1 R o l l i n g  and S l i t t i n g  Schedule .... 
2.3.2 Annealing Apparatus .............. 
E f f e c t  of Materials and Process ing  Pro- 
cedures  on Magnetic P r o p e r t i e s  o f  F o i l s  . 
2.4.2 E f f e c t  on Magnetic P r o p e r t i e s  o f  
S t r u c t u r a l  Changes Caused by 
R o l l i n g  .......................... 
2.4.3 E f f e c t  of F o i l  Process ing  S teps  
on Magnetic P r o p e r t i e s  of F o i l  ... 
2.4.3.2 Ef fec t  o f  Annealing ..... 
2.4.3.3 E f f e c t  o f  Magnetic F i e l d  
During Annealing ........ 
2.4.3.4 E f f e c t  of Grain S ize  .... 
2.4 
2.4.1 E f f e c t  of Alloy Composition.. .... 
2.4.3.1 E f f e c t  o f  R o l l i n g  ....... 
2.5 Conclusions ............................. 
3 . 0 DEVICE DESIGN STUDIES ........................ 
3.1 Demagnetization Experiments ............. 
3.2  Magnetic Cotlpling of  F o i l  Spo t s  ......... 
3.3 Closed-Flux Path Geometries ............. 
3.4 In tended  Operat ional  Mode ............... 
3.5 Required Magnetic C h a r a c t e r i s t i c s  of  

























I . .  












Sec t ion  Page 
3 -6  I n t r o d u c t i o n  of Anisotropy ............... 41 
3 . 6.1 I n t r i n s i c  Anisotropy .............. 41 
3.6.2 Shape Anisotropy .................. 42 
3.7 Welded F o i l  Geometry ..................... 45 
3.7.1 Magnetic C h a r a c t e r i s t i c s  of D i s -  
c r e t e  S torage  Elements ............ 46 
3 J.2 Opera t iona l  C h a r a c t e r i s t i c s  of 
D i s c r e t e  S torage  Elements ......... 46 
3.8 Welding Procedure ........................ 47 
3.9 Advantages and Disadvantages of T h i s  
S torage  Element Design ................... 48 
4.0 CARD PROGRAMMABLE MEMORY SYSTEM ............... 51 
4.1 I n t r o d u c t i o n  ............................. 51 
4.2 The Magnetic S torage  Card ................ 52 
4.2.1 Phys ica l  C h a r a c t e r i s t i c s  .......... 52 
4.2.2 Magnetic C h a r a c t e r i s t i c s  .......... 54 
4.3 The Encoding Unit  ........................ 55 
4.4 The Magnetic Card Reader ................. 56 
4.4.1 The Detec tor  P l a n e  ................ 56 
4.4.2 The I n t e r a c t i o n  o f  Card and Plane . 59 
4.5 The Card Reader E l e c t r o n i c s  .............. 62 
4.5.1 Drive C i r c u i t s  .................... 63 
4.5.2 Amplifying C i r c u i t s  ............... 63 
5.0 APPLICATIONS OF CARD PROGRAMMAl3I;E WORIES .... 67 
6.0 CONCLUSIONS ................................... 69 
PHASE I . Materials and Processing. .  .... 69 
PHASE I1 . Device Design ................. 70 
PHASE I11 . Development o f  a Card Program- 
mable Memory .................. 71 
7.0 ACKNOWLECGMENTS ................................ 72 
I --- 













Figure  1 - Elec t ron  Beam F l o a t i n g  Zone Ref ine r  
MRC Model EBZ-93 . . . . . . . . . . . . . . . . . . . . . . 8 
2 - Process ing  Laboratory a t  MRC.... . . . . . .  11 I t  
I 1  3 - Prepared  Foils.. . . . . . . . . . . . . . . . . . . . . . . 13 
4 - Annealing Furnace.. . ... . ... . . .. .... . .. 14 11 
5 - Grain S t r u c t u r e  o f  Annealed Permalloy I?  
F o i l . .  .......................... ...... 21 
6 - B-H Loop of As-Rolled F o i l  P a r a l l e l  t o  I 1  
R o l l i n g  Direction.. . . . . . . . . . . . . . . . . . . .  25 
7 - B-H Loop of Same F o i l  Pe rpend icu la r  t o  11 
R o l l i n g  Direction.. . . . . . . . . . . . . . . . . . . .  25 
8 - Time  Rate o f  Change o f  F lux  Versus  
60 cps  Magnetic Field. . . . . . . . . . . . . . . . .  26 
9 - F o i l  Showing Double S i g n a l s  Produced by 
Gra ins  of Ro l l ing  Texture and Gra ins  of 
Annealing Texture. . . . . . . .  .............. 26 
11 
11 
'' 10 - Double Element Memory Cell.. . . . . . . . . . . .  34A 
'' 11 - Welded F o i l  Memory.. . . . . .. . . .. .. .. . . . .. 39 
" 12 - The Card lbcode r  and Card Reader... . . . .  53 
* I  13 - Block Diagram of  Card Encoder .......... 57 
" 14 - R e l a t i o n s h i p  o f  Detec tor  B i t  t o  Card B i t  61 
15 - Block Diagram o f  Card Reader... .. ... . . . 64 
1 6  - Timing Diagram of Card Reader.. . . . . . . . . 66 
11 
Engineer ing  Drawing #OOl - Schematic D i a g r m  nf Csrd m c c d e r  
#002 - Reference Generator 11 11 
#003 - D.C. Power Supply 
I' #004 - Sense and Hold C i r c u i t s  
11 11 
11 
The purpose of this program was t o  determine i f  
lamina ted  f o i l  t echniques  could be used t o  f a b r i c a t e  
i 
non-des t ruc t ive  read o u t  memory buffers.! - 
Our  e f f o r t s  were concen t r a t ed  toward producing u n i -  
form c h a r a c t e r i s t i c s  i n  the s t o r a g e  elements  by very  
c a r e f u l l y  c o n t r o l l i n g  the m a t e r i a l s  and p rocess ing  pro- 
cedures  used i n  p repa r ing  the  f o i l s .  Since the p r e p a r a t i o n  
of  memories from f o i l s  does n o t  e n t a i l  d i s p r o p o r t i o n a t i o n  
o f  the material i n t o  the i n d i v i d u a l  atomic s p e c i e s ,  as i t  
does when making t h i n  f i l m s  by vapor o r  e l e c t r o  d e p o s i t i o n ,  
w e  expec ted  t o  be able t o  produce f o i l  materials w i t h  ve ry  
uniform composition, s t r u c t u r e  and performance. 
- 
We concluded from our  i n v e s t i g a t i o n  that ,  i n  f a c t ,  
m e t a l l i c  f o i l s  could  be produced w i t h  such  un i fo rmi ty  and 
cou ld  be s u c c e s s f u l l y  used i n  e l e c t r o n i c  memories. When 
compared w i t h  t h i n  film memories, t h e  f o i l s  have the ad- 
vantage  of  un i fo rmi ty ,  b u t  t he  t h i n  f i l m s  have t h e  advan- 
tage o f  h i g h e r  speed ope ra t ion ,  The e x c e l l e n t  un i fo rmi ty  
o f  the f o i l s  s u g g e s t s  t h a t  they  w i l l  have g r e a t e r  l ong  
time r e l i a b i l i t y  than thin f i l m s ;  however, t h e  experiments 
n e c e s s a r y  t o  establi_sb this fnct have s e t  g e t  beer; perfem10d. 
We a l s o  developed a new geometry f o r  f o i l  s t o r a g e  
d e v i c e s ,  assembled i t ,  and s u c c e s s f u l l y  ope ra t ed  i t .  
-1- 
We then  designed,  assembled, and d e l i v e r e d  a card-  
programmable memory, the ope ra t ion  of which i s  based on 
the same f o i l  dev ices ,  In the card-programmable memory, 
the f o i l  dev ices  are used t o  read, a t  h i g h  speed,  t h e  i n -  
formation s t o r e d  on magnetic ca rds .  By us ing  a novel  
design p r i n c i p l e ,  the f o i l  devices  are capable  o f  r ead ing  
the information from the cards  a t  h i g h  speed wi thout  any 
















The purpose o f  this program w a s  t o  conduct t h e  r e s e a r c h  
necessa ry  t o  f a b r i c a t e  a nom-destruct ive r ead  ou t  memory 
buf fer  u s i n g  lamina ted  f o i l  t echn iques .  
I n  o r d e r  t o  accomplish this o b j e c t i v e ,  the program 
w a s  d iv ided  i n t o  t h r e e  phases. The f i rs t  phase was a 
m a t e r i a l s  and process ing  s tudy  that  had as i t s  o b j e c t i v e  
the product ion o f  m e t a l l i c  magnetic f o i l  w i t h  e x c e p t i o n a l  
un i fo rmi ty  of  composition, s t r u c t u r e  and magnetic charac-  
t e r i s t i c s .  
The  second phase of t he  program w a s  a device  des ign  
s tudy  i n  which w e  examined and tested a number of d i f f e r e n t  
magnetic s t o r a g e  dev ices  composed of magnetic f o i l s .  
Since i n  Phase I we were a b l e  t o  produce m e t a l l i c  
f o i l s  o f  t h e  r e q u i r e d  uni formi ty ,  and s i n c e  i n  Phase I1 
w e  were able t o  design a novel  magnetic s t o r a g e  element ,  
we proceeded t o  Phase I11 of the program, which had as 
i t s  o b j e c t i v e  the design and assembly of a memory i n c o r -  
p o r a t i n g  the f o i l  storage device.  
Because the c h a r a c t e r i s t i c s  of t h e  foil s t o r a g e  
d e v i c e  were a p p l i c a b l e  f o r  use i n  card-programmable 
memmies,  m d  because 8~ i n v e s t i g a t i m  revealed m A A J  ;-- 
c r e a s i n g  need f o r  this type of memory, t h e  memory that 
w e  developed w a s  a magnetic card-programmable memory 
-3 - 
which i n c o r p o r a t e d  the non-des t ruc t ive  read o u t  feature 
that w e  desired. The memory i t s e l f  i s  composed of  three 
u n i t s :  magnetic c a r d s ,  an encoding u n i t ,  and a r e a d i n g  
u n i t .  
This r e p o r t  i n c l u d e s  the  resu l t s  o f  the three phases 
of the i n v e s t i g a t i o n  , a d e s c r i p t i o n  o f  the card-programmable 
memory, and our  conc lus ions  and recommendations p e r t i n e n t  
t o  the a p p l i c a t i o n s  of f o i l  technology i n  memory systems. 
-4- 
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2.0 MATERIAL AND PROCESSING STUDIES 
2.1 I n t r o d u c t i o n  
The p r i n c i p a l  o b j e c t i v e  of this p o r t i o n  o f  the program 
was t o  study materials and processes  which cou ld  be used 
t o  produce low c o s t  magnetic s t o r a g e  dev ices  w i t h  uniform 
c h a r a c t e r i s t i c s .  
As p a r t  o f  the materials s tudy ,  w e  examined the B-H 
c h a r a c t e r i s t i c s  and swi tch ing  speeds  of f i v e  n i c k e l - i r o n  
a l l o y s  and s t u d i e d  how t h e s e  p r o p e r t i e s  v a r i e d  w i t h  i m -  
p u r i t y  l e v e l s  i n  the alloys. We fu r the r  determined how 
t h e s e  same magnet ic  p r o p e r t i e s  were i n f l u e n c e d  by r o l l i n g  
procedures ,  heat t r e a t m e n t s ,  magnet ic  annea l ing ,  l amina t ing  
and welding. And f i n a l l y ,  we related these materials and 
p rocess ing  s tud ies  n o t  on ly  t o  the i n t r i n s i c  magnetic be- 
h a v i o r  o f  d i s c r e t e  t e s t  samples, b u t  a l s o  t o  the p e r f o r -  
mance o f  an array o f  s t o r a g e  d e v i c e s  which were b u i l t  i n t o  
completed memory p l anes .  The emphasis throughout  a l l  this 
work w a s  t o  produce s t o r a g e  dev ices  w i t h  uniform performance 
c h a r a c t e r i s t i c s .  
2 ; 2  Prepa ra t ion  of  Materials 
2.2. i iviateri a i  Compo si  t i  on s 
Three a l l o y s  were s e l e c t e d  f o r  i n i t i a l  inves-  
t i g a t i o n  : 
-5- 
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Alloy #1 - 81.5% N i ,  18.5% Fe, 
Alloy #2 - 4% Mo, 79% N i ,  17% Fey 
Alloy #3 - 3% Co, 80% N i ,  17% Fe. 
These a l l o y s  are commonly used i n  s m a l l  s i g n a l  magnet ic  
a p p l i c a t i o n s  and were s e l e c t e d  t o  determine i f  more ca re -  
f u l  c o n t r o l  of composition and f a b r i c a t i o n  procedures  would 
r e s u l t  i n  magnetic p r o p e r t i e s  that  are s i g n i f i c a n t l y  more 
uniform than the p r o p e r t i e s  o f  commercially prepared  mater- 
i a l .  This  
permalloys 




i v )  
v )  
c l a s s  o f  n i c k e l - i r o n  a l l o y s  are referred t o  as 
and a r e  u s e f u l  i n  b u f f e r  memories because they 
low m a g n e t o s t r i c t i o n  ; 
low c r y s t a l l o g r a p h i c  a n i s o t r o p y  e n e r g i e s  (de-  
s i rab le  f o r  minimizing skew), y e t  are capable  
o f  having s t r o n g  u n i a x i a l  a n i s o t r o p i e s  induced  
i n  t h e m ;  
h i g h  p e r m e a b i l i t y  and reasonably  h i g h  s a t u r a t i o n  
magnet i z a t i on ; 
h i g h  squareness  r a t i o  i n  easy  d i r e c t i o n ;  
low coe rc ive  fo rce .  
In Al loy  #2, t h e  molybdenum a d d i t i o n  i n c r e a s e s  the 
e l e c t r i c a l  r e s i s t i v i t y  of  the n i c k e l - i r o n  a l l o y  and the reby  
r educes  eddy c u r r e n t  l o s s e s  a t  high frequency. 
# 3 ,  t h e  c o b a l t  a d d i t i o n  i n c r e a s e s  the coe rc ive  f o r c e  of  
the base a l l o y  which i s  b e n e f i c i a l  when t h e  a l l o y  i s  used 
i n  c e r t a i n  "keeper" a p p l i c a t i o n s .  In  a d d i t i o n  t o  the above 
a l l o y s ,  f o i l s  of pure i r o n  and pure n i c k e l  were a l s o  prepared  
I n  Alloy 
f o r  comparison purposes.  
- 6- 
I -  
I - -  
Previous exper ience  i n  p repa r ing  t h e s e  types  of a l l o y s  
has shown that uniform magnetic p r o p e r t i e s  can be produced 
only  i f  the composition and s t r u c t u r e  a r e  c a r e f u l l y  con- 
t r o l l e d  and are uniform throughout the m a t e r i a l .  For  
this reason ,  t h e  m a t e r i a l  p repa ra t ion  f a c i l i t i e s  were 
unde r  t h e  c o n t r o l  of  the P r o j e c t  D i rec to r .  
2.2.2 Melt ing Procedure 
The permalloys were mel ted  and homogenized by 
t h e  same techniques  that a re  used i n  t h e  product ion of 
u l t r a - h i g h  p u r i t y  a l l o y s  manufactured by M a t e r i a l s  Research 
Corporat ion f o r  sale t o  most o f  t h e  major r e s e a r c h  labora-  
t o r i e s  i n  t h e  country.  The s t a r t i n g  materials were h i g h  
p u r i t y  rods o f  n i c k e l ,  i r o n ,  molybdenum and c o b a l t ,  wh ich  
had been t r i p l e  pas s  zone r e f i n e d  ( e l e c t r o n  beam). (See 
the a t t a c h e d  S p e c i f i c a t i o n  Sheets  1 and 2 f o r  t y p i c a l  
ana lyses  o f  t h e  n i c k e l  and i r o n  used.) The s t a r t i n g  mater-  
i a l s  were then a r c  mel ted i n  p u r i f i e d  argon t o  form a rod 
of permalloy abou t  9 i n c h e s  long and 3/8 i n c h  diameter ,  
In o r d e r  t o  homogenize the rod and ensure  uniform composition, 
the permalloy r o d  was then double pass zone l e v e l e d  us ing  
e l e c t r o n  beam zone r e f i n i n g  techniques .  The e l e c t r o n  beam 
zone r e f i n e r  which w a s  used i s  shown i n  F igure  1. 
A brief  d e s c r i p t i o n  i s  i n  o r d e r  o f  t h e  e l e c t r o n  beam 
zone r e f i n i n g  p rocess  which was used bo th  t o  p u r i f y  t h e  
e lements  wh ich  were used as the s t a r t i n g  m a t e r i a l s  i n  the 
- 7- 
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alloys, and t o  homogenize the a l l o y s  themselves.  When the 
zone r e f i n i n g  process  i s  used t o  p u r i f y  an element ,  i t  
o p e r a t e s  on the p r i n c i p l e  that  i m p u r i t i e s  have a d i f f e r e n t  
degree of m a x i m u m  s o l u b i l i t y  i n  the molten element than t h e y  
do i n  the s o l i d  element.  
me l t ed  in an element which i s  i n  the form of  a rod,  there w i l l  
be e i the r  a concen t r a t ion  o r  d e p l e t i o n  o f  i m p u r i t i e s  i n  the 
molten reg ion .  
i m p u r i t i e s  can e q u i l i b r a t e  in a s h o r t  t i m e .  
molten zone i s  r e p e a t e d l y  moved in one d i r e c t i o n  a long  the 
l e n g t h  of t h e  rod,  the i m p u r i t i e s  w i l l  form a concen t r a t ion  
g r a d i e n t  a long  the l e n g t h  of the rod. 
e lements  used i n  this i n v e s t i g a t i o n ,  the most troublesome 
i m p u r i t i e s  are all more s o l u b l e  i n  the l i q u i d  than i n  the 
s o l i d ,  and consequent ly  a l l  i m p u r i t i e s  f o l l o w  the molten zone 
and are swept t o  the same end o f  t h e  rod. T h i s  end of  t h e  
rod  i s  c u t  o f f  and d iscarded;  the o t h e r  end of  the rod has  
been p u r i f i e d  s i n c e  i t  has  been dep le t ed  of  i m p u r i t i e s .  
Consequently, i f  a narrow zone i s  
The  zone i s  kep t  narrow so  that  the l e v e l  of 
NOW, i f  th i s  
F o r t u n a t e l y ,  i n  t h e  
In this i n v e s t i g a t i o n  , the elements  which were p u r i f i e d  
i n  t h i s  manner were then  mixed t o g e t h e r  in the proper  pro- 
p o r t i o n s  t o  g i v e  a l l o y s  o f  t h e  desired composition, and 
t h e n  t h e s e  mixtures were a r c  mel ted t o g e t h e r  t o  form the 
desired a l l o y s .  In o r d e r  t o  e n s u r e  that  the  composition 
-9- 
I - + -  
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and s t r u c t u r e  were uniform along the l e n g t h  of e a c h  a l l o y  
rod ,  the rods  were subsequent ly  zone l e v e l e d  i n  t h e  same 
appa ra tus  used f o r  t h e  zone r e f i n i n g  process .  
The two p rocesses  are q u i t e  similar i n  that  a narrow 
molten zone i s  formed i n  t h e  rods  i n  b o t h  cases .  
i n  the zone l e v e l i n g  process ,  the molten zone i s  s lowly 
moved i n  f i r s t  one d i r e c t i o n  a long  the rod ,  then the o t h e r .  
The slow back and f o r t h  movement of the molten zone smooths 
o u t  g r a d i e n t s  i n  the a l loy  concen t r a t ion  a long  the rod  and 
also produces a uniform s t r a i n - f r e e  s t r u c t u r e .  
However, 
In  the p r e s e n t  i n v e s t i g a t i o n ,  the zone r e f i n i n g  and 
zone l e v e l i n g  o p e r a t i o n s  a r e  c a r r i e d  ou t  i n  h i g h  vacuum 
and the molten zone i s  formed by e l e c t r o n  beam bombardment 
o f  t h e  rod. The molten zone i s  s e l f - c o n t a i n e d  due t o  s u r -  
f a c e  t e n s i o n  f o r c e s ,  t h u s  avoid ing  contaminat ion o f  the rod 
by a c r u c i b l e .  
vacuum, f u t u r e  p u r i f i c a t i o n  i s  produced by v o l a t i l i z a t i o n  
of many i m p u r i t i e s  from the elements  a t  the zone r e f i n i n g  
and l e v e l i n g  tempera ture .  
produced i n  this manner i s  given in S p e c i f i c a t i o n  Sheet  #3. 
By performing these o p e r a t i o n s  i n  h i g h  
A t y p i c a l  a n a l y s i s  of  permalloy 
2 . 3  Process ing  Procedures  
2.3.1 i i o l l i n g  m d  S l i t t i n g  Schedule 
The zone l e v e l e d  permalloy rods  were c o l d  
r o l l e d  on a two-high S t a n a t  r o l l i n g  m i l l  ( see  Figure  2)  
t o  t a p e  0.008 i n c h  t h i c k ,  s l i t  t o  the des i red  width 
-10- 
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Specification Sheet #3 
ULTRA-HIGH PURITY PERMALLOY 
FORMS AVAILABLE: 
Alloys - 
Alloys of specified compositions are prepared by arc melting electron beam float-zone 
refined iron and nickel into alloy rods. 
Fabricated Forms - 
Fabricated from electron beam refined materials. All fabrication processes conducted 
a t  room temperature to eliminate impurity pick-up. Available in cold worked or 
annealed condition. 
Wire : 0.001’’ minimum diameter. 
Sheet : 
Rod : 112’‘ maximum diameter. 
0.002” minimum thickness and 5” maximum width. 
Special Shapes - 
Tensile specimens, creep specimens, prepared in single crystalline and polycrystalline 
form. 
Thin ribbon foils to 0.0004” thickness. 
Single Crystals - 
Grown by electron beam float-zone refining in a vacuum of 10-6 torr. Available in ye”, 
or M” diameters in lengths to 12”, of random orientation. 
Grades - 
Grade I -Three pass electron beam float-zone refined. 
Grade II-Single pass electron beam float-zone refined. 
NOMINAL ANALYSIS: Grade I Grade I1 
100 ppm 
Interstitial Content (02, N-, H., C )  30 ppm 50 PPm . .  Substitutional Content ~~ 20 ppm 
PROPERTIES: 
Crystal Structure ........ ~._...._..____._....._..... FCC. 
Etchant .......................................................... ~.~ HN03-H20, equal parts 
c February 1965 
ADVANCED MATERIALS DIVISION 
MATERIALS RESEARCH CORPORATION 
Orangeburg, New York 10962 91 4 ELmwood 9-4200 
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(l/b-l/Z i n , )  and r e - r o l l e d  on a four -h igh  S t a n a t  mill t o  
a t h i c k n e s s  of 0.002 inch.  The t a p e  w a s  taken t o  a Send- 
zimer m i l l  and f u r t h e r  r o l l e d  t o  0.0005 i n .  t h i c k .  Samples 
o f  the t a p e  were taken a t  va r ious  t h i c k n e s s e s  f o r  magnetic 
and m e t a l l u r g i c a l  tests,  
During the r o l l i n g  sequence, the t a p e  d id  n o t  r e c e i v e  
any in t e rmed ia t e  stress r e l i e f  annea l  which might have 
caused contaminants t o  d i f fuse  i n t o  t h e  a l l o y ,  During 
r o l l i n g ,  the t a p e  experienced a 99 percen t  r educ t ion  i n  
a r e a  which i s  a r e l a t i v e  measure of  the deformation energy 
con ta ined  i n  the sample. The deformation energy in t u r n  
i n f l u e n c e s  the annea l ing  k i n e t i c s  of the f o i l .  F igu re  3 
i s  a photograph of  f o i l s  o f  va r ious  t h i c k n e s s  and width; 
the wide f o i l  on t h e  r i g h t  i s  0.0005 i n .  t h i c k  and 4 i nches  
wide.  
2.3.2 Annealing Apparatus 
The reason f o r  annea l ing  the f o i l  w a s  t o  e l i -  
mina te  the s t r a i n  energy of  deformation, and the reby  reduce 
the coe rc ive  f o r c e  and i n c r e a s e  the swi tch ing  speed of the 
f o i l  . 
The fu rnace  i n  which the  annea l ing  i s  performed i s  
snown i n  F igu re  4. It i s  capable o f  r each ing  12OO0C, a l though 
b e s t  r e s u l t s  from annea l ing  permalloy have s o  fa r  been 
achieved  by hold ing  one hour a t  1050OC. An Inconel  r e t o r t  




I ,  
t o  be c a r r i e d  o u t  i n  i n e r t ,  o x i d i z i n g  o r  reducing  atmos- 
pheres .  
In some a p p l i c a t i o n s ,  it i s  d e s i r a b l e  t o  coo l  the f o i l  
from the annea l ing  temperature  through the C u r i e  t empera ture ,  
i n  the presence  of an o r i e n t i n g  magnetic f i e l d .  The o r i e n -  
t i n g  magnet ic  f i e l d  i s  supp l i ed  by an a u x i l i a r y  winding 
wrapped on the r e c t a n g u l a r  m u f f l e  shown i n  the furnace .  
It i s  capable  of  producing a 50 o e r s t e d  D.C. magnet ic  
f i e l d  w i t h i n  t h e  fu rnace .  
2.4 E f f e c t  of Materials and Process ing  Procedures  on 
the Magnetic P r o p e r t i e s  o f  F o i l s  
2.4.1 Effec t  o f  Alloy Composition 
The purpose of th is  p o r t i o n  o f  the work was t o  
determine which alloy had the  most f a v o r a b l e  and uniform 
magnet ic  c h a r a c t e r i s t i c s  when used i n  a completed array 
of  magnetic s t o r a g e  dev ices .  
The emphasis throughout  this e n t i r e  work was t o  produce 
uniform magnetic c h a r a c t e r i s t i c s  i n  a complete a r r a y  o f  
s t o r a g e  d e v i c e s ,  n o t  j u s t  i n  d i s c r e t e  t e s t  samples. Conse- 
q u e n t l g ,  we were concerned no t  only w i t h  producing a mag- 
n e t i c  f o i l  w i t h  uniform composition and s t r u c t u r e ,  b u t  a l s o  
i n  deve loping  an assexbly p rozedwe  that would main ta in  
uni form performance of the s t o r a g e  dev ices  when c o n s t r u c t e d  
i n t o  a complete memory plane.  The manner i n  which w e  ach ieve  
uni form composition and s t r u c t u r e  in the material i s  d i s c u s s e d  
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I i  throughout  th is  Sect ion 2.4; the e f f e c t  o f  the assembly 
procedure on un i fo rmi ty  of the memory p l ane  i s  d i s c u s s e d  
i n  Sec t ion  4.0. 
In a d d i t i o n  t o  uniformity,  the a l l o y  that w e  wanted 
t o  use  i n  the word-organized memory had t o  posses s  the 
fo l lowing  c h a r a c t e r i s t i c s :  
i) Low m a g n e t o s t r i c t i o n ,  t o  reduce s t r a i n  s e n s i -  
t i v i t y  o f  the f o i l .  
ii) A D.C. c l o s e d  flux p a t h ,  coe rc ive  f o r c e  o f  less  
than 2 o e r s t e d s ,  t o  reduce the d r i v e  c u r r e n t s  of 
the memory. 
iii) A s a t u r a t i o n  f l u x  d e n s i t y  o f  a t  l ea s t  5 k i l o g a u s s ,  
t o  provide  a s a t i s f a c t o r y  o u t p u t  s i g n a l  from the 
swi t ch ing  device .  
i v )  An easy  d i r e c t i o n  of magnet iza t ion  i n  the dev ice  
t o  provide  s t o r a g e  s ta tes ,  and a hard d i r e c t i o n  
of  magnet iza t ion  ( p e r p e n d i c u l a r  t o  the s t o r a g e  
d i r e c t i o n s )  as the  "read" s ta te  o f  the dev ice  
when ope ra t ed  i n  the word-organized mode. 
v )  A square- loop B-H curve i n  the easy  d i r e c t i o n  
w i t h  a r a t i o  of a t  l eas t  0.90 between the reman- 
e n t  and s a t u r a t i o n  f l u x  d e n s i t i e s ,  i n  o r d e r  t o  
minimize shu t t l e  n o i s e  and t o  maximize t h e  de- 
s i r ed  ou tpu t  s i g n a l ,  - 
-1 6- 
v i )  No f l u x  remanence i n  t h e  hard d i r e c t i o n ,  y e t  the 
occurrence of f l u x  s a t u r a t i o n  i n  th is  d i r e c t i o n  
f o r  magnetic f i e l d s  o f  l e s s  than 10 oe;  the 
f i r s t  cond i t ion  prevents  s t o r a g e  o c c u r r i n g  i n  
t h e  read s t a t e ,  t h e  second ensu res  that low read 
c u r r e n t s  can swing all t h e  s t o r e d  f l u x  and the reby  
maximize the output  v o l t a g e s  . 
v i i )  A swi tch ing  speed of l e s s  than 0.5 microseconds.  
The a l l o y s  which w e  chose t o  i n v e s t i g a t e  were: 
Alloy #1 - 81.5% N i ,  18.5% Fe 
Alloy #2 - 4% Mo, 79% N i ,  17% Fe 
Alloy #3 - 3% Co, 60% N i ,  17% Fe. 
A l l  the a l l o y s  were prepared from h i g h  p u r i t y  materials by 
the zone r e f i n i n g  and zone l e v e l i n g  techniques  desc r ibed  in 
Sec t ion  2.2.2. A l l  t h r e e  a l l o y s  s a t i s f i e d  the seven r e -  
quirements  o u t l i n e d  above (except  that  Alloy #3 had a coe rc ive  
f o r c e  of 5 oe) .  All t h r e e  a l l o y s  e x h i b i t e d  ex t remely  uniform 
composition and s t r u c t u r e  produced by t h e  zone r e f i n i n g  and 
zone l e v e l i n g  p rocesses .  
had e x c e l l e n t  c h a r a c t e r i s t i c s ,  t hey  were b o t h  used i n  o t h e r  
phases  of this development work and i n  t h e  f i n a l  memory p lane .  
Consequently,  w e  conclude that  i t  i s  p o s s i b l e ,  u s ing  
Since b o t h  Alloy #1 and Alloy #2 
zone r e f i n i n g  and zone l e v e l i n g  techniques ,  t o  r o u t i n e l y  
p r e p a r e  magnetic permalloy f o i l s  o f  e x c e p t i o n a l l y  uniform 

















caused by composi t ional  f l u c t u a t i o n s  have never  been observed. 
T h i s  i s  a s i g n i f i c a n t  r e su l t  because composi t ional  f l u c t u a -  
t i o n s  a r e  a very  s e r i o u s  problem i n  vacuum depos i t ed  and 
e l e c t r o  depos i t ed  t h i n  f i l m s  of permalloy. 
The experimental  measurements and techniques  that we 
used t o  a r r i v e  a t  t h e  above conclus ions  a r e  t h e  same as the 
techniques  desc r ibed  i n  t h e  fo l lowing  s e c t i o n  i n  which the 
e f f e c t s  of r o l l i n g  and annea l ing  procedures  on t h e  s t r u c t u r e  
and, hence, on t h e  magnetic c h a r a c t e r i s t i c s ,  of the f o i l  
a r e  d iscussed .  
2.4.2 Ef fec t  on Magnetic P r o p e r t i e s  of S t r u c t u r a l  
Changes Caused by R o l l i n R  
Before d i s c u s s i n g  how r o l l i n g  a f f e c t s  s t r u c t u r e ,  
a b r ie f  exp lana t ion  i s  i n  order  o f  what i s  meant by " s t r u c -  
t u r e  o f  the a l l o y . "  We a r e  a l l  familiar w i t h  p i c t u r e s  o f  
u n i t  c e l l s  of  pure me ta l s  i n  which the p o s i t i o n s  of atoms 
r e l a t i v e  t o  one a n o t h e r  a r e  shown as b l a c k  d o t s  on the 
c o r n e r s  o r  f a c e s  o f  an imaginary cube o r  hexagon. In t h e  
c a s e  of pure n i c k e l ,  t h e  a t o m  p o s i t i o n s  a r e  on t h e  c o r n e r s  
of a cube ,  w i t h  a d d i t i o n a l  n i c k e l  atoms a t  the mid-point of 
e a c h  cube f a c e .  Now, i f  another  u n i t  c e l l  i s  placed n e x t  
t o  t h e  f i r s t  s o  that  t h e  two c e l l s  have one common f a c e  
( i . 0 .  f o u r  corner-atoms and one face-atom a r e  common t o  
the two c e l l s ) ,  and i f  this p rocess  i s  r epea ted  i n  t h r e e  
-18- 
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dimensions u n t i l  a much l a r g e r  cube i s  b u i l t  up, t h e  atoms 
in this l a r g e r  cube a r e  i n  t h e  same p o s i t i o n  r e l a t i v e  t o  
one ano the r ,  as are the atoms i n  a s i n g l e  c r y s t a l  of n i c k e l .  
Note that t h e  sequence of atoms i n  t h e  o r i g i n a l  u n i t  c e l l  
i s  t h e  sane as the sequence o f  atoms i n  t h o  e n t i r e  single 
c r y s t a l .  Note, t o o ,  that the  macroscopic form of the s i n g l e  
c r y s t a l  does n o t  n e c e s s a r i l y  have t o  be t h e  same a s  t h e  form 
o f  t h e  u n i t  c e l l ,  which i n  this case  i s  cubic .  By adding 
more u n i t  c e l l s  i n  t h e  X and Y d i r e c t i o n s  than i n  the Z 
d i r e c t i o n ,  a s i n g l e  c r y s t a l  can be b u i l t  up w h i c h  i s  a 
r e c t a n g u l a r  p a r a l l e l e p i p e d .  The  n e c e s s a r y  and s u f f i c i e n t  
c o n d i t i o n ,  t h e r e f o r e ,  that a c r y s t a l  De s i n g l e  i s  m a G  me  
sequence of atoms be t h e  same throughout  the c r y s t a l .  
Now, i f  two s i n g l e  c r y s t a l s  a r e  somehow jo ined  t o -  
g e t h e r  s o  that  t h e  sequence of a tom p o s i t i o n s  changes a t  
the i n t e r f a c e  of  the c r y s t a l s ,  then t h e  c r y s t a l s  a r e  said 
t o  form a b i c r y s t a l .  S i m i l a r l y ,  i f  many s i n g l e  c r y s t a l s  
are jo ined  t o g e t h e r  w i t h  a d iscont inuous  sequence a t  each  
i n t e r f a c e ,  this aggrega te  of s i n g l e  c r y s t a l s  i s  said t o  
form a p o l y c r y s t a l l i n e  m a t e r i a l .  One can a l s o  t h i n k  o f  
t h i s  p o l y c r y s t a l l i n e  m a t e r i a l  i n  terms of an aggrega te  
of u n i t  c e l l s  which have varying spa t i a l  o r i e n t a t i o n s  w i t h  
r e s p e c t  t o  one another .  If a l l  the u n i t  c e l l s  could be 
made t o  assume i d e n t i c a l  o r i e n t a t i o n s ,  the p o l y c r y s t a l l i n e  
m a t e r i a l  would r e v e r t  t o  a s i n g l e  c r y s t a l .  
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~n a p o l y c r y s t a l l i n e  meta l ,  i t  i s  common m e t a l l u r g i c a l  
p r a c t i c e  t o  r e f e r  t o  t h e  i n d i v i d u a l  s i n g l e  c r y s t a l s  as 
g r a i n s ,  and t o  r e f e r  t o  the i n t e r f a c e  between c r y s t a l s  as 
a g r a i n  boundary. F igure  5 i s  a photograph taken through 
a microscope a t  l O O x  o f  the s u r f a c e  o f  a permalloy f o i l  
which w a s  c a r e f u l l y  p o l i s h e d  and then e t ched  i n  a c i d .  ( I n  
t h e  permalloy w e  a r e  us ing ,  20% o f  t h e  n i c k e l  atoms have 
been r ep laced  by i r o n  a toms;  however, t h e  sequence of atoms 
remains t h e  same as that  f o r  p u r e  n i c k e l . )  The a c i d  a t t a c k s  
the g r a i n  boundaries  more r a p i d l y  than t h e  g r a i n s  themselves ,  
t h u s  d e l i n e a t i n g  t h e  g r a i n  boundaries  i n  the p i c t u r e .  The 
o r i e n t a t i o n  o f  each i n d i v i d u a l  g r a i n  ( s i n g l e  c r y s t a l )  would 
have t o  be determined by t h e  d i f f r a c t i o n  of  a beam o f  x- rays  
from each  i n d i v i d u a l  g r a i n .  
Returning t o  t h e  o r i g i n a l  d e f i n i t i o n ,  t h e  term " s t r u c -  
tu re  o f  t h e  a l loy1 '  refers i n  this case  t o  the cond i t ion  of  
the p o l y c r y s t a l l i n e  aggregate .  For  example, the f o i l  shown 
i n  F igu re  5 has an annea led  s t r u c t u r e  i n  w h i c h  the g r a i n s  
are s t r a i n - f r e e  and e q u i a x i a l .  However, an x-ray invcs-  
t i g a t i o n  would show that t h e  o r i e n t a t i o n s  of t h e  i n d i v i d u a l  
g r a i n s  a r e  n o t  completely random, r a t h e r  t h e r e  i s  a pre- 
f e r r e d  o r i e n t a t i o n  of  t h e  g r a i n s  caused by t h e  p r i o r  r o l l i n g  
and heat t r ea tmen t .  The s t r u c t u r e  t h e r e f o r e  has a p r e f e r r e d  




F i g u r e  5 
G r a i n  S t r u c t u r e  o f  Annealed 
Permalloy F o i l  
( M a g n i f i c a t i o n  loox)  
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S i m i l a r l y ,  r o l l i n g  this annealed f o i l  causes  equiaxed 
g r a i n s  t o  p l a s t i c a l l y  ( i r r e v e r s i b l y )  e l o n g a t e  and causes  
some g r a i n s  t o  r o t a t e  i n t o  preferred d i r e c t i o n s .  Conse- 
quen t ly ,  the s t r u c t u r e  i n  this case  c o n s i s t s  o f  e longated ,  
h i g h l y  s t r a i n e d  g r a i n s  which have a p r e f e r r e d  o r i e n t a t i o n  
d i f f e r e n t  from that of  the annealed f o i l .  A subsequent 
re-anneal  of  this rolled f o i l  a t  a high temperature  ( b u t  
l e s s  than the m e l t i n g  p o i n t )  s u p p l i e s  enough thermal energy 
t o  the s t r a i n e d  g r a i n s  t o  allow them t o  spontaneously re- 
o r i e n t  themselves ,  t he reby  assuming a new g ra in  shape which 
i s  f r ee  of  s t r a i n .  T h i s  p rocess  i s  c a l l e d  r e c r y s t a l l i z a t i o n  
and occurs  e n t i r e l y  i n  the s o l i d  s ta te .  Note that  a l though 
the shape and o r i e n t a t i o n  o f  the i n d i v i d u a l  g r a i n s  are 
changed dur ing  r e c r y s t a l l i z a t i o n ,  the macroscopic shape  o f  
the sample i s  n o t  changed. 
As mentioned p rev ious ly ,  the reason w e  are in t e re s t ed  
i n  the s t r u c t u r e  o f  the a l l o y  i s  because i t  has a very 
g r e a t  e f f e c t  on the magnetic p r o p e r t i e s  of  material. If 
the s t r u c t u r e  i s  s t r a i n e d ,  o r  i f  there i s  a p r e f e r r e d  o r i e n -  
t a t i o n  i n  the s t r u c t u r e ,  the magnetic p r o p e r t i e s  will be 
d i f f e r e n t  t han  in a s t r a i n - f r e e  random p o l y c r y s t a l .  For 
example, the energy needed t o  magne t i ca l ly  saturate an 
i n d i v i d u a l  g r a i n  of  the metal ( c r y s t a l l i n e  an i so t ropy)  w i l l  
v a r y  w i t h  d i f f e r e n t  o r i e n t a t i o n s  o f  the g r a i n  w i t h  r e s p e c t  
t o  the f i e l d .  Likewise,  the change i n  l e n g t h  of a g r a i n  
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I which occurs  when t h e  g r a i n  i s  magnetized ( m a g n e t o e t r i c t i o n )  
w i l l  be d i f f e r e n t  i n  d i f f e r e n t  d i r e c t i o n s  w i t h i n  the g r a i n .  
Now,  i f  t h e r e  i s  a p r e f e r r e d  o r i e n t a t i o n  of  g r a i n s  i n  the 
mater ia l ,  then  the energy t o  sa turate  and the magneto- 
s t r i c t i o n  w i l l  n o t  be the average bulk  v a l u e s ,  b u t  rather 
w i l l  be a weighted average that f a v o r s  the p r e f e r r e d  o r i e n -  
t a t i o n :  the magnetic p r o p e r t i e s  w i l l  be a n i s o t r o p i c .  
It i s  a l s o  impor tan t  t o  r e a l i z e  that t h e  p r o p e r t i e s  o f  
p o l y c r y s t a l l i n e  s t r u c t u r e s  cannot be a n t i c i p a t e d  by ex t r ap -  
o l a t i n g  the magnetic c h a r a c t e r i s t i c s  of s i n g l e  c r y s t a l s .  
For  example, permalloy s i n g l e  c r y s t a l s  o f  composition n e a r  
80 N i - 2 0  Fc have v e r y  l i t t l e  c r y s t a l l i n e  a n i s o t r o p y  ( i . e .  
they can be magnetized w i t h  almost equa l  ease i n  e a c h  o f  
the three p r i n c i p a l  c r y s t a l  d i r e c t i o n s ,  [ l oo ] ,  11111 and 
[110] );  
However, p o l y c r y s t a l l i n e  a l l o y s  of  the same composition 
can be made h i g h l y  a n i s o t r o p i c  and can also be s e n s i t i v e  
t o  s t r a i n .  
and they have low m a g n e t o s t r i c t i v e  c o e f f i c i e n t s .  
2.4.3 Effec t  of F o i l  Process ing  S t e p s  on Magnetic 
P r o p e r t i e s  of the F o i l  
2.4.3.1 E f f e c t  of Ro l l ing  - R o l l i n g  of  the zone 
l e v e l e d  rods of permalloy i n t o  t h o  form of  a t ape  causes 
g r a i n  e longa t ion  i n  the r o l l i n g  d i r e c t i o n .  T h i s  g r a i n  
e l o n g a t i o n  causes  t h e  i n i t i a l l y  s p h e r i c a l  g r a i n s  t o  becomc 
n e e d l e - l i k e  i n  shape ( s i m i l a r  t o  the n e e d l e - l i k e  p a r t i c l e s  
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of i r o n  oxide  i n  magnetic t a p e ) ,  and these a c i c u l a r  g r a i n s  
of  permalloy p r e f e r ,  because of demagnetizing f o r c e s ,  t o  
be magnetized on ly  a long  t h e i r  l e n g t h .  The r e s u l t  i s  a 
pronounced magnetic an i so t ropy  i n  the f o i l ,  even i n  f o i l s  
o f  81.5% Ni-l8.S$ Fe, which i n  annea led  s i n g l e  c r y s t a l  
form have low a n i s o t r o p y  energy and m a g n e t o s t r i c t i o n  co- 
e f f i c i e n t s .  
18.55 Fe a r c  shown i n  F igures  6 and 7 i n  which the magnet ic  
f i e l d  i s  p a r a l l e l  t o  the r o l l i n g  d i r e c t i o n  i n  the f i rs t  
p i c t u r e  and pe rpend icu la r  t o  the r o l l i n g  d i r e c t i o n  i n  the 
second. The samples are i n  the form o f  l/4 i n c h  d iameter  
spots t o  avo id  shape an iso t ropy .  Figure 8 i s  a d i s p l a y  o f  
the v o l t a g e  produced i n  a pickup c o i l  by the swi tch ing  
sample as a f u n c t i o n  o f  a s i n u s o i d a l  magnetic f i e l d  a p p l i e d  
i n  the r o l l i n g  d i r e c t i o n .  The n o i s e  on t h e  peak i s  Bark- 
hausen n o i s e  caused  by d i scon t inuous  domain w a l l  movement; 
this n o i s e  i s  p r e s e n t  i n  a l l  a s - r o l l e d  f o i l s  and i s  caused  
by i n t e r n a l  s t r a i n s .  The preceding measurements were made 
on permalloy melted a t  MRC and r o l l e d  t o  f i n a l  t h i c k n e s s  
w i t h o u t  any i n t e r m e d i a t e  annea l ing .  The magnetic charac-  
t e r i s t i c s  arc t h e r e f o r e  t y p i c a l  of the p r e f e r r e d  o r i en -  
t a t i o n  o f  the g r a i n s  caused by r o l l i n g  and the d i s t o r t i o n  
( s t r a i n )  of the g r a i n s .  
€3-H loops of  a s - r o l l e d  f o i l s  of 81.5% N i -  
Foil similar t o  the above w a s  purchased a s - r o l l e d  from 
a well-known manufacturer .  However, t h i s  f o i l  had q u i t e  
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Figure 6 
B-H h o p  of As-Rolled 81.5% Ni-18.5$ Fe F o i l  ( M R C )  
Magnetic F i e l d  P a r a l l e l  t o  Rol l ing Direction 
H, = 5.5 00 
Figure 7 
B-H Loop of Same Foil but Magnetic F i e l d  Per- 






Time Rate o f  Change of Flux versus 60 cps 
Magnctic F ic ld .  MRC As-Rolled Foil Showing 
Barkhausen Noise which is completclg removed 
by anneal ing.  
Figure 9 
Commercially Available F o i l  Showing Double 
Signals  Produced by Grains of Rolling Tcxture 
and Grains  of Annealing Texture. 
-26- 
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d i f f e r e n t  c h a r a c t e r i s t i c s  a s  shown i n  Figure 9 .  The la rger  
peak w i t h  Barkhausen n o i s e  i s  a s s o c i a t e d  w i t h  the a s - r o l l e d  
texture  ( p r e f e r r e d  o r i e n t a t i o n )  ; the s m a l l c r ,  
peak i s  a s s o c i a t e d  w i t h  an annealed texture.  T h i s  f o i l  
was r o l l e d  t o  a t h i c k  t ape  and a p p a r e n t l y  had t o  be stress- 
r e l i e f  annealed t o  a l low fur ther  r educ t ion  t o  t h i n  t ape .  
The annea l  produced an annea l ing  tex ture  which i n  t u r n  w a s  
n o t  completely masked by t h e  subsequent ly  produced r o l l i n g  
texture. Unfor tuna te ly ,  t h e  r e l a t i v e  magnitude o f  the two 
peaks depends upon the moun t  o f  r e d u c t i o n  the f o i l  i s  
given fo l lowing  the annea l ,  and i t  has been our  exper ience  
that  this i s  n o t  held cons t an t  by the manufac turer ,  s i n c e  
d i f f e r e n t  ba t ches  o f  " i d e n t i c a l "  f o i l  s u p p l i e d  t o  u s ,  al- 
though i n  d i v i  du a1 l y  uniform, showed n o t  i c e a b l c  v a r i a t i o n  
from b a t c h  t o  ba tch .  In a d d i t i o n ,  the i n t e r m e d i a t e  annea l  
reduces  t h e  a n i s o t r o p y  of the f o i l .  
In summary, by c o l d  r o l l i n g  permalloy rods  i n t o  f o i l ,  
i t  i s  p o s s i b l e  t o  produce a pronounced magnet ic  a n i s o t r o p y  
even i n  low m a g n e t o s t r i c t i v e  a l l o y s  such  as 81.5% Ni-18.5$ 
Fe. Tho a n i s o t r o p y  i s  caused by the format ion  of  n e e d l e - l i k e  
g r a i n s  du r ing  the r o l l i n g  process  that p r e f e r  t o  be magnet ized 
only along t he i r  l e n g t h .  T h i s  a n i s o t r o p y  i s ,  of course ,  v e r y  
u s e f u l  s i n c e  i t  produces bo th  easy  and hard magnet iza t ion  
axes i n  the f o i l ,  which i s  necessa ry  f o r  magnetic s t o r a g e  
o f  i n fo rma t ion  i n  a word-organized mode. 
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2.k.3.2 E f f e c t  of  Annealing - It i s  very  impor tan t  t o  
r e a l i z e  that  the a c t u a l  heat t r e a t m e n t  has very l i t t l e  d i r e c t  
e f f e c t  on t h e  magnetic p r o p e r t i e s  of' the material; however, 
the heat t r ea tmen t  h a s  a very l a r g e  e f f e c t  on the s t r u c t u r e  
o f  the a l l o y  and, as expla ined  i n  Sec t ion  2.4.2, i t  i s  this 
change i n  s t r u c t u r e  which i s  r e s p o n s i b l e  f o r  the change of 
magnetic c h a r a c t e r i s t i c s  of the a l l o y .  
Magnetic a l l o y s  of composition 4% Mo - 79% M i  - 17% Fe, 
and 81.5$ N i  - 18.5% Fe were annea led  a t  tempera tures  between 
8000 and 1000°C i n  n i t r o g e n  and hydrogen atmospheres , w i t h  
and wi thou t  magnetic o r i e n t i n g  f i e l d s .  The amount of c o l d  
work p r i o r  t o  annea l ing  was a l s o  a v a r i a b l e .  
The r e s u l t s  of the annea l ing  can be  summarized as 
f o l l o w s  : 
1) Annealing the foil f o r  1 hour  between 8000 and 
1000°C produces s t r a i n - f r e e  e q u i a x i a l  g r a i n s  which have 
a p r e f e r r e d  o r i e n t a t i o n ,  b u t  this p r e f e r r e d  o r i e n t a t i o n  
does n o t  r e s u l t  i n  a magnetic a n i s o t r o p y  o f  the f o i l .  
2)  Barkhausen n o i s e ,  which r e s u l t s  from d i scon t inuous  
domain w a l l  movements, i s  completely e l i m i n a t e d  by annea l ing .  
The swi t ch ing  peak i s  t h e r e f o r e  more uniform i n  shape and 
magnitude. 
3 )  The a n i s o t r o p y  induced by c o l d  r o l l i n g  i s  completely 
removed . 
4) The swi tch ing  t i m e  o f  a g iven  s i z e  sample i s  i n -  
c r e a s e d  by annea l ing .  This i s  n o t  an i n t r i n s i c  e f f e c t ,  
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b u t  rather i s  caused by t h e  l o s s  o f  cold-worked an i so t ropy .  
It has been o u r  obse rva t ion  that any time an an i so t ropy  i s  
in t roduced  i n t o  the f o i l ,  the swi t ch ing  time i s  decreased.  
A t  60 cps t h e r e  i s  almost a f a c t o r  o f  two d i f f e r e n c e  between 
swi tch ing  t i m e  of  the a s - r o l l e d  and annealed material. 
2.4.3.3 E f f e c t  of  Magnetic F i e l d  During Annealing - 
Some experiments were performed t o  t r y  t o  i n t r o d u c e  a 
magnetic a n i s o t r o p y  i n  the m a t e r i a l  by apply ing  a magnetic 
f i e l d  t o  the f o i l  du r ing  anneal ing.  An a n i s o t r o p y  has 
been in t roduced  by this method i n  some composition permalloys 
and i s  o f ton  s u c c e s s f u l l y  used f o r  t h i n  films. 
For  f o i l s  o f  composition 81.5% Ni-18.5$ Fe, and ,!+$ Mo- 
79% Ni-17$ Fe, i t  w a s  found that tho  presence o f  magnetic 
f ie lds  up  t o  100 oe had no e f f e c t  on t h e  f o i l s .  Ne i the r  
the B-H loop  c h a r a c t e r i s t i c s ,  n o r  t h e  swi tch ing  speeds 
were a l t e r e d .  There w a s  a l so  no induced an iso t ropy .  It 
appears that a magnetic f i e l d  can induce an a n i s o t r o p y  
o n l y  i n  permalloy f o i l s  w h i c h  a r e  s t r a i n  s e n s i t i v e ,  e.g.  
permalloys o f  composi t ions n e a r  SO$ N i - S O g  Fe. 
The f a c t  that a n i s o t r o p i e s  can be induced i n  t h i n  f i l m s  
of  81.5% Ni-lS.S% Fe compositions by t h e  a p p l i c a t i o n  of  a 
magnet ic  f i e l d  dur ing  e i t h e r  vapor depos i t i on  o r  e l e c t r o  
d e p o s i t i o n ,  i s  a p p a r e n t l y  caused by t h e  f a c t  t h a t  t h e  atoms 
have cons ide rab le  m o b i l i t y  dur ing  condensation on t h e  sub-  
s t r a t e  and can  be more e a s i l y  d i r e c t e d  by t h e  magnetic f i e l d  
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t o  p r e f e r r e d  s i tes .  Furthermore,  du r ing  vapor and e l e c t r o  
d e p o s i t i o n ,  the s u b s t r a t e s  a re  n o t  heated above the C u r i e  
temperature .  
In summary, w e  have found that magnetic annea l ing  o f  
f o i l s  of composi t ions n e a r  81.s$ Ni-18.5$ Fe does n o t  pro- 
duce a magnetic a n i s o t r o p y ,  bu t  that a c o n s i d e r a b l e  aniso- 
t r o p y  can be produced by c o l d  working the f o i l  and a l s o  by 
c o n t r o l l i n g  t h e  shape of t h e  sample. 
2.4.3.4 E f f e c t  of Grain S i z e  - By c o n t r o l l i n g  the 
annea l ing  c o n d i t i o n s ,  t h e  average g r a i n  s i z e  of  the foils 
cou ld  be changed throughout  the range o f  0.3 t o  1.5 m i l s .  
However, this v a r i a t i o n  i n  g r a i n  s i z e  d i d  n o t  produce any 
v a r i a t i o n  i n  magnet ic  p r o p e r t i e s  of the f o i l s .  S ince  
g r a i n  boundar ies  are known t o  impede domain w a l l  movements, 
one can conclude that t h e  average domain s i z e  does n o t  l i e  
i n  the range  0.3 t o  1.5 m i l s ,  If the domains and g r a i n s  
were approximately t h e  same s i z e ,  a f i v e - f o l d  v a r i a t i o n  
i n  g r a i n  s i z e  would produce a l a r g e  change i n  domain 
wa l l -g ra in  boundary i n t e r a c t i o n s ,  which would r e s u l t  i n  
n o t i c e a b l e  changes i n  magnetic p r o p e r t i e s  (Barkhausen noise, 
swi t ch ing  spoeds,  e t c . ) .  One would expec t  t h e r e f o r e  that 
the average domain s i z e  i s  l e s s  than  0.3 m i l ;  this p r e d i c t i o n  
c o u l d  be v e r i f i e d  w i t h  a Kerr magneto-opt ical  appara tus .  
I --- 
2.5 Conclusions 
It i s  p o s s i b l e  t o  draw some v e r y  s p e c i f i c  conclus ions  
from o u r  materials and process ing  s tud ie s .  
1) Through the use o f  zone r e f i n i n g  and zone l e v e l i n g  
procedures ,  i t  i s  p o s s i b l e  t o  produce extended l e n g t h s  of 
magnet ic  f o i l ,  6-8 microns t h i c k ,  o f  e x c e p t i o n a l l y  uniform 
composition. T h i s  i s  s i g n i f i c a n t  because composi t ional  
c o n t r o l  i s  a s e r i o u s  d i f f i c u l t y  w i t h  vacuum depos i t ed  and 
e l e c t r o  d e p o s i t e d  t h i n  f i l m s .  
2 )  Through the opera t ion  of r o l l i n g  permalloy rods  
i n t o  f o i l ,  i t  i s  p o s s i b l e  t o  produce ve ry  pronounced mag- 
n e t i c  a n i s o t r o p i e s ,  even i n  low m a g n e t o s t r i c t i v e  a l l o y s .  
T h e  e f f e c t  i s  produced by g r a i n  e l o n g a t i o n ,  and the r e su l -  
t a n t  a n i s o t r o p y  can be usefully employed i n  word-organized 
memory devices .  
3 )  Through t h e  opera t ion  of annea l ing  the r o l l e d  f o i l ,  
i t  i s  p o s s i b l e  t o  reduce t h e  c o l d  worked a n i s o t r o p y  t o  any 
d c s i r e d  degree, o r  t o  completely e l i m i n a t e  i t .  If annea l ing  
i s  carr ied t o  complet ion,  t he  e longa ted  g r a i n s  r e c r y s t a l l i z e  
i n  t h e  s o l i d  s t a t e  t o  form new, s t r a i n - f r e e  e q u i a x i a l  g r a i n s .  
4) It i s  n o t  p o s s i b l e  t o  induce  a magnetic a n i s o t r o p y  
i n  f o i l s  of 81.5% ~i-18.5$ Fe, o r  4% Mo-79$ N i - 1 7 $  Fe a l l o y s  
by annea l ing  t h e m  i n  a magnetic f i e l d ,  a l t h o u g h  we recognize  
that  this  can be done i n  t h i n  f i l m s  o f  t h e  same compositions.  
I - - -  
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5 )  In o r d e r  t o  t a i l o r  the magnetic p r o p e r t i e s  of t h e  
permalloy t o  f i t  t h e  s p e c i f i c  requi rements  of  a type  of 
magnetic s t o r a g e  dev ice ,  one should  change the p r o p e r t i e s  
by a l t e r i n g  the s t r u c t u r e  of the permalloy by rolling and/or 
s t ress - re l ie f  annea l ing ,  and by c o n t r o l l i n g  the geometry o f  




DEVICE DESIGN STUDIES 
I 
3.1 Demamet iza t ion  Experiments 
It w a s  a n t i c i p a t e d  a t  the beginning  o f  th is  program 
tha t  the i n d i v i d u a l  memory b i t s  would bo composed o f  two 
s p o t s  o f  magnetic a l l o y ,  one p l aced  above the o t h e r ,  be- 
tween which there w a s  e l e c t r i c a l  i s o l a t i o n  and magnet ic  
coupl ing  (F ig .  10 ) .  Consequently, i n  the s tudy  o f  the 
e f f e c t  of material v a r i a b l e s  on magnetic p r o p e r t i e s ,  the 
samples which were used were i n  t h e  form o f  s p o t s ;  n o t  
double  s p o t s  i n  which t h e  magnetic coupl ing  would compl ica te  
the i n t e r p r e t a t i o n  o f  magnetic c h a r a c t e r i s t i c s ,  bu t  r a t h e r  
i n  the form o f  s i n g l e  s p o t s .  
The B-H swi t ch ing  speed measurements which were made 
u s i n g  these s i n g l e  s p o t  samples can be summarized as fo l lows :  
i )  The sample geometry, that i s ,  the d iameter  t o  
t h i c k n e s s  r a t i o  of the s p o t ,  had an ex t remely  pronounced 
e f f e c t  on t h e  squareness  of the B-H l o o p  and upon the 
swi t ch ing  t i m e .  For example, a 1/2 i n c h  d iameter  s p o t ,  
1/2 m i l  t h i c k ,  has an a s - r o l l e d  squareness  r a t i o  (Br/Bs) of 
0.60, whi le  a l/4 i n c h  diameter  s p o t  of the same t h i c k n e s s  
has a squareness r a t i o  of only 0,31. The cor responding  
s w i t c h i n g  t i m c s  f o r  1800 r o t a t i o n  a t  6ocps s i n u s o i d a l  d r i v e  
i s  1.0 ns f o r  the 1/2 i n c h  diameter s p o t  and 2.0 m s  f o r  the 
l/4 i n c h  diameter s p o t  . 
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Both the poorer  squareness  r a t i o  and the longe r  switch-  
i n g  t i n e  of the l /4  i n c h  diameter s p o t  can be d i r e c t l y  
a t t r i bu ted  t o  demagnetization e f f e c t s  which are more pro- 
nounced i n  this sample w i t h  the less  f a v o r a b l e  diameter t o  
t h i c k n e s s  r a t i o .  
The p r a c t i c a l  consequences of a poor squareness  r a t i o  
f o r  a b i t  i n  a l i n e a r  s e l e c t  memory i s  that d i s t u r b  degrad- 
a t i o n  becomes ve ry  s e r i o u s  and ou tpu t  s i g n a l s  are also 
lowered; t h e  p r a c t i c a l  consequence of  a long swi tch ing  
time i s ,  o f  cour se ,  reduced ou tpu t  s i g n a l  and i n c r e a s e d  
c y c l e  t ime. 
ii) The importance o f  the demagnet iz ing e f f e c t s  was 
confirmed i n  the fo l lowing  experiments made on a permalloy 
s t r i p  1/8 i n c h  wide, 12" long and  l/4 m i l  t h i c k .  The sample 
was magnetized i n  the d i r e c t i o n  of i t s  l e n g t h  b u t  on ly  a long  
a one-inch reg ion  i n  the midd le  of the s t r i p .  The high l e n g t h  
t o  t h i c k n e s s  r a t i o  minimized demagnet iz ing e f f e c t s  i n  the 
saturated reg ion .  The squareness  r a t i o  and the swi tch ing  
t i m e  were monitored as s m a l l  l e n g t h s  were c u t  from the ends 
o f  t h e  permalloy s t r i p .  When the i n i t i a l  12 - inch  l e n g t h  had 
been reduced t o  2 i n c h e s ,  the  squareness  r a t i o  had been re- 
duced by a f a c t o r  o f  two and the switching t i m e  i n c r e a s e d  
by a f a c t o r  o f  three. The e f f e c t  was aga in  a t t r i b u t e d  t o  







I - -  
iii) F i n a l l y ,  two samples  were e t ched  f r o m  a s t r i p  of 
permalloy w i t h  a very pronounced r o l l i n g  an i so t ropy :  
samples were 1/2 i n c h  long ,  1/8 i n c h  wide and 112 m i l  t h i ck .  
However, one sample w a s  e tched so  t h e  easy  axis lay p a r a l l e l  
t o  the long d i r e c t i o n ;  
p a r a l l e l  t o  t h e  width. When b o t h  were switched (under  
i d e n t i c a l  c o n d i t i o n s )  a long  their easy  axes, t h e  sample 
w i t h  the easy axis p a r a l l e l  t o  t h e  sample l e n g t h  ( l e s s  
demagnet izat ion)  switched 2.5 t imes fas ter  than t h e  o t h e r  
sample. 
b o t h  
i n  the o t h e r ,  the easy  axis l a y  
The t h r e e  sets o f  experiments summarized above demon- 
strated very  c l e a r l y  t o  us how d e l e t e r i o u s  the e f f e c t s  o f  
demagnet izat ion can be. We conclude t h e r e f o r e  t h a t  f o r  
s i n g l e  l a y e r  s p o t s  of f o i l s  1/8-1/4 m i l  (6-8 microns)  t h i c k  
and 1-5 mm i n  d iameter ,  the e x c e l l e n t  magnetic c h a r a c t e r i s t i c s  
o f  permalloy a r e  compromised t o  such an e x t e n t  by demagnet- 
i z a t i o n  that  the s i n g l e  l a y e r  f o i l  s p o t s  wou ld  n o t  be useful 
i n  this program. 
3 . 2  Magnetic Coupling of F o i l  Spots  
We proceeded t o  i n v e s t i g a t e  t h e  e x t e n t  t o  wh ich  de- 
magne t i za t ion  w a s  reduced by m a g n e t i c a l l y  coupl iag  two 
s p o t s .  The method of coupl ing had, of course ,  t o  be con- 
s i s t e n t  w i t h  o u r  approach of b a t c h  f a b r i c a t i o n  of memories 
u s i n g  non-vacuum techniques.  
-35- 
I - -  
In  o r d e r  t o  maximize magnetic coupl ing,  i t  i s  n e c e s s a r y  
t o  b r i n g  t h e  two s p o t s  as c l o s e  t o g e t h e r  as p o s s i b l e ;  y e t  
i n  a coupled s p o t  memory b i t  i t  i s  o f t e n  d e s i r a b l e  t o  have 
a t  l ea s t  one d r i v e  l i n e  pass  between t h e  two s p o t s .  If 
this i s  done using non-vacuum techniques ,  the minimum s p o t  
s e p a r a t i o n  that can be r e l i a b l y  achieved i s  1-2 m i l s .  
We tes ted  the e x t e n t  of magnetic coupl ing  between s u c h  
s p o t s  by comparing the B-H and swi tch ing  c h a r a c t e r i s t i c s  of  
the coupled s p o t s  t o  the c h a r a c t e r i s t i c s  of the s i n g l e  s p o t s  
p r e v i o u s l y  de sc r ibed .  
Unfor tuna te ly ,  there i s  n o t  a s i g n i f i c a n t  enough re- 
duc t ion  i n  ei ther i n p u t  d r i v e  l e v e l s  o r  swi t ch ing  t i m e  f o r  
these coupled s p o t s  t o  c la im that they o f f e r  a s i g n i f i c a n t  
improvement over  the s i n g l e  l a y e r  spo t s .  
3 . 3  Closed-Flux P a t h  Geometries 
In the two-layer coupled s p o t  geometry, i t  i s  the h i g h  
r e l u c t a n c e  a i r  gaps which l i m i t  the f l u x  i n  the magnetic c i r -  
c u i t .  It i s  the f l u x - l i m i t i n g  a i r  gaps which r e q u i r e  g r e a t e r  
d r i v e  c u r r e n t s  t o  saturate the magnetic s p o t s ,  and which 
lower  the squareness  r a t i o  and swi tch ing  speed of the mag- 
n e t i c  e lements .  
i n  o r d e r  t o  opt imize the  performance of the coupled 
s p o t  e lements ,  i t  i s  necessa ry  t o  achieve  much b e t t e r  mag- 
n e t i c  coupl ing  between the s p o t s .  Reducing the s e p a r a t i o n  
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of the s p o t s  ( d e s p i t e  t he  f a c t  that w e  a r e  a t  the p r a c t i c a l  
limits a l r e a d y )  would h e l p  but  would n o t  be s u f f i c i e n t .  The 
most e f f i c i e n t  method i s  t o  r e p l a c e  the a i r  gaps w i t h  f e r r o -  
magnet ic  material which c l o s e s  the f l u x  p a t h  of the spo t s .  
We have made c l o s e d  f l u x  p a t h  t o r o i d s  from l/4 m i l  
permalloy foil and have achieved improved performance com- 
pa red  w i t h  the coupled s p o t s  i n  the fo l lowing  manner: 
1) The squareness  r a t i o  i n c r e a s e s  from 0.31 t o  0.60 
f o r  s i n g l e  layer s p o t s  up t o  0.95 f o r  the c l o s e d  f l u x  p a t h  
geometry . 
2 )  The coe rc ive  f o r c e  f o r  the c l o s e d  f l u x  p a t h  geometry 
i s  a f a c t o r  of  three lower  than f o r  s i n g l e  s p o t s .  
3 )  The c l o s e d  f lux  p a t h  geometry swi t ches  30 times 
fas ter  
4) There i s  a pronounced a n i s o t r o p y  between t h e  charac-  
t e r i s t i c  of t h e  m a t e r i a l  when measured a long  the circumference 
( c l o s e d  f l u x  p a t h )  as opposed t o  a neasurement a long  the 
l e n g t h  (open f l u x  p a t h ) .  There i s  an e a s y  axis around the 
c i rcumference  of the t o r o i d  ( s t o r a g e  d i r e c t i o n )  . T h i s  
a n i s o t r o p y  i s  a consequence o f  the shape o r  geometry of  the 
t o r o i d ,  and i s  p r e s e n t  even in t o r o i d s  composed of  i s o t r o p i c  
f o i l s .  
In summary t h e n ,  w e  c o n s i s t e n t l y  no ted ,  no m a t t e r  what 
the composi t ion,  p u r i t y ,  r o l l i n g  o r  annea l ing  schedule  of' 
the f o i l ,  that the magnetic p r o p e r t i e s  of any p a r t i c u l a r  
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f o i l  were always improved by forming the f o i l  i n t o  a geometry 
that p e r m i t t e d  a c l o s e d  magnetic f l u x  p a t h  t o  be established. 
(Within the con tex t  of this program "improved" magnet ic  
p r o p e r t i e s  means an i n c r e a s e d  squareness  r a t i o ,  reduced 
coe rc ive  f o r c e ,  and i n c r e a s e d  swi t ch ing  speed.) 
Consequently,  w e  have concen t r a t ed  o u r  e f f o r t s  on devel -  
oping s t o r a g e  elements  composed o f  c l o s e d  f l u x  p a t h  f o i l s ,  
i n  p a r t i c u l a r  permalloy f o i l s  welded on to  copper d r i v e  l i n e s .  
3.4 In tended  Opera t iona l  Mode 
The i n d i v i d u a l  s t o r a g e  elements  which w e  developed are 
composed of  permalloy f o i l  (l/4 o r  1/2 m i l  t h i c k )  welded 
o n t o  10 m i l  copper a l l o y  wire. (See F igu re  11.) These 
e lements ,  and the manner in which w e  assemble t h e m  are d is -  
cussed  i n  d e t a i l  i n  Sec t ion  2 ,  b u t  by f i r s t  d i s c u s s i n g  the 
i n t e n d e d  o p e r a t i o n a l  mode of the element ,  one can b e t t e r  
unde r s t and  the r easons  under ly ing  c e r t a i n  p rocess ing  pro- 
cedures .  The element i s  designed t o  be used i n  a memory 
o p e r a t e d  in a word organized ( l i n e a r  s e l e c t )  mode. This 
mode of ope ra t ion  r e q u i r e s  only  a two-wire a r r a y  i n  which 
the d i g i t  and sense  p u l s e s  share a common w i r e .  I n  our  
s t o r a g e  element ,  the common wire i s  t h e  wire ny! which the 
f o i l  i s  mounted; the second w i r e  i s  or thogonal  t o  the f i r s t  
and  i s  i n  the form o f  a twisted one-turn s t r a p .  
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In this o p e r c t i o n a l  ziode, the i n f o m a t i o n  of thc b i t  
i s  s t o r e d  in renancnt  f l u x  d i r e c t i o n s  around the c i rcumfer -  
ence of t h e  wi re .  I n  o r d e r  t o  i n t e r r o g a t e  the b i t ,  the 
remanent f l u x  i s  switched p a r a l l e l  t o  the d i r e c t i o n  of  the 
wire .  In a similar manner, b e f o r e  w r i t i n g  in fo rma t ion  i n t o  
the b i t ,  t h e  f l u x  i s  f i r s t  switched t o  the read d i r e c t i o n  
(ax ia l  d i r e c t i o n )  and a d i g i t  p u l s e  of  t h e  proper  p o l a r i t y  
i s  a p p l i e d  t o  d i r e c t  the flux i n t o  the desired remanent s t a t e  
around the circumference o f  the w i r e .  
If the axial  d i r e c t i o n  can be made an u n s t a b l e  remanent 
f l u x  d i r e c t i o n ,  then the d i g i t  p u l s e s  used t o  d i r e c t  the f lux 
from the ax ia l  d i r e c t i o n  i n t o  the s t o r a g e  s ta tes  cam be 
r e l a t i v e l y  s m a l l ;  that  i s ,  r e l a t i v e l y  s m a l l  compared w i t h  
the d i g i t  p u l s e s  needed t o  c a u s e  180° swi tch ing  from one 
s t o r a g e  s t a t e  t o  the o t h e r .  The reason i t  i s  impor t an t  t o  
u s e  low va lue  d i g i t  p u l s e s  i s  that  the d i g i t  p u l s e s  m u s t  pa s s  
th rough  s t o r a g e  b i t s  i n  more than one s t o r a g e  word. If the 
p u l s e s  are low enough, t h e y  w i l l  n o t  d i s t u r b  the in fo rma t ion  
s t o r e d  i n  the b i t s  and y e t  w i l l  w r i t e  in format ion  i n t o  a l l  
b i t s  which have been "set" i n t o  the u n s t a b l e  axial  d i r e c t i o n .  
3.5 Required Magnetic C h a r a c t e r i s t i c s  of Welded F o i l  
In o r d e r  t o  o p e r a t e  t h e  s t o r a g e  elements  i n  the manner 
d e s c r i b e d  i n  t h e  prev ious  s e c t i o n ,  i t  i s  n e c e s s a r y  tha t  the 
welded f o i l  have t h e  magnetic c h a r a c t e r i s t i c s  d e t a i l e d  i n  
S e c t i o n  2.4.1 and summarized below: 
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i) The wire i d e a l l y  m u s t  have no remanent f l u x  i n  the 
axial d i r e c t i o n  when the word f i e l d  i s  z e r o ,  and y e t  i t  m u s t  
sa turate  i n  this axial d i r e c t i o n  f o r  word c u r r e n t s  o f  l e s s  
than  one ampere. The s a t u r a t i o n  f i e l d  (Hk) should  be less 
than  10 o e r s t e d s .  
ii) The w i r e  m u s t  s t o r e  ea s i ly  in the c i r c u m f e r e n t i a l  
d i r e c t i o n ,  and t h e  magnitude o f  the remanent f l u x  should  
approach the magnitude of t h e  s a t u r a t i o n  f l u x  (Br /Bs  = .90). 
The coe rc ive  f o r c e  ( approximate 1800 swi t ch ing  t h r e s h o l d )  
a t  the o p e r a t i o n a l  f r equenc ie s  should  be about 3-5 o e r s t e d s .  
There are, of course  , other r e q u i r e d  c h a r a c t e r i s t i c s  such  
as l o w  m a g n e t o s t r i c t i o n  and h i g h  remanent f l u x  d e n s i t y ,  b u t  
these are a f u n c t i o n  of  the material  composition. The two 
c h a r a c t e r i s t i c s  mentioned above, which w i l l  be r e f e r r e d  t o  as 
B-H c h a r a c t e r i s t i c s ,  can be i n f l u e n c e d  t o  a c e r t a i n  e x t e n t  by 
the f a b r i c a t i o n  and geometry of the s t o r a g e  element f o i l .  
I n  summary, a c o n t r o l l e d  a n i s o t r o p y  m u s t  be in t roduced  
i n t o  t h e  f o i l ;  t h e  manner in which this i s  accomplished i s  
d e s c r i b e d  below. 
3.6 I n t r o d u c t i o n  of  Anisotropy 
3.6.1 I n t r i n s i c  h i s o t r o p y  
The i n t r i n s i c  an i so t ropy  i s  induced by c o l d  
r o l l i n g  t h e  permalloy f r o m  rod f o r m  i n t o  t ape .  As pre- 
v i o u s l y  exp la ined ,  the severe  d i s t o r t i o n  i n h e r e n t  i n  the 
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r o l l i n g  ope ra t ion  causes  t h e  s p h e r i c a l  g r a i n s  t o  be e longa ted  
i n  the r o l l i n g  d i r e c t i o n .  The r e s u l t  i s  that the n e e d l e - l i k e  
g r a i n s  p r e f e r  t o  be magnetized only a long  their  l e n g t h ,  pro- 
ducing a d i r e c t i o n  of  easy magnet iza t ion  a long  the l e n g t h  of 
the t a p e ,  and d i r e c t i o n s  of hard magnet iza t ion  a long  the 
wid th  and t h i c k n e s s  of  the tape.  The induced a n i s o t r o p y  
can be q u i t e  pronounced as can  be seen i n  F igu res  6 and 7. 
It should  be mentioned that annea l ing  the f o i l  w i l l  cause 
the e longa ted  g r a i n s  t o  break up i n t o  a number o f  smaller 
e q u i a x i a l  g r a i n s ,  t h u s  e l i m i n a t i n g  the an i so t ropy .  
The advantage of  u t i l i z i n g  this i n t r i n s i c  a n i s o t r o p y  
i n  a magnetic device  i s  that i t  i s  a very  i n t e n s e  e f f e c t  
and y e t  very  easy  t o  produce. However, a l though  i t  i s  pos- 
s i b l e  t o  reduce t h e  remanent f l u x  r a t i o  ( B r / B s )  i n  the hard 
d i r e c t i o n  t o  a n e g l i g i b l y  small amount, i t  i s  d i f f i c u l t  t o  
do this  and y e t  have s a t u r a t i o n  occur  i n  the ha rd  d i r e c t i o n  
f o r  f i e l d s  o f  l e s s  than 10 o e r s t e d s ,  s i n c e  the two e f f e c t s  
v a r y  i n v e r s e l y .  
3.6.2 Shape Anisotropy 
If a magnetic m a t e r i a l  i s  completely i s o t r o p i c ,  
i t  can s t i l l  e x h i b i t  a p p r e c i a b l e  a n i s o t r o p i c  magnetic prop- 
e r t i e s  by be ing  formed i n t o  a sample w i t h  a t  l e a s t  one s i z e  
dimension d i f f e r e n t  from the  o t h e r s  by a f a c t o r  of t e n .  The 
cause  of this "shape" an i so t ropy  i s  the presence of v i r t u a l  
demagnet iz ing f i e l d s  which a r e  p r e s e n t  a t  the s u r f a c e s  of a l l  
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magnetic material. These su r face  demagnetizing e f f e c t s  can 
i n f l u e n c e  the i n t e r n a l  f l u x  d e n s i t y  o f  the sample t o  a g r e a t e r  
degree  a long  the s h o r t  dimensions of  the sample. 
Another way t o  env i s ion  t h e  e f f e c t s  of shape a n i s o t r o p y  
i s  t o  p i c t u r e  a magnet ic  m a t e r i a l  i n  the form of a cube. When 
s a t u r a t i o n  occur s  in any d i r e c t i o n  i n  the cube, t h e r e  m u s t  be 
an e x t e r n a l  f l u x  c l o s u r e  p a t h  through the sur rounding  a i r .  
S ince  the r e l u c t a n c e  of the a i r  p a t h  i s  s o  much g r e a t e r  than 
the r e l u c t a n c e  of  the magnetic material ,  i t  i s  the r e l u c t a n c e  
o f  the a i r  p a t h  that limits the f l u x  of the magnetic c i r c u i t  
composed of the magnet ic  cube and a i r .  
Now, i f  one dimension o f  the cube i s  apprec i ab ly  dec reased  
w i t h  r e s p e c t  t o  the o t h e r  cube dimensions,  the a i r  p a t h  o f  
the e x t e r n a l  f l u x  a s s o c i a t e d  w i t h  th is  s h o r t  dimension has 
i n c r e a s e d ,  and hence, s o  has  the t o t a l  r e l u c t a n c e  o f  the a i r  
pa th .  T h i s  i n c r e a s e d  r e l u c t a n c e  w i l l  f u r t h e r  l i m i t  t h e  f l u x  
d e n s i t y  which can be e s t a b l i s h e d  a long  the s h o r t  dimension; 
consequent ly ,  this d i r e c t i o n  w i l l  become a "hard" magnet iza t ion  
d i r e c t i o n .  Note that this argument i s  v a l i d  only i f  there i s  
e x t e r n a l  f l u x  c l o s u r e .  
When the f o i l  i s  welded i n t o  a t o r o i d  around a wire ,  
there i s  a c l o s e d  f l u x  p a t h  w i t h i n  the mater ia l  i n  the c i r -  
cumfe ren t i a l  d i r e c t i o n ,  and hence no demagnetizing e f f e c t s  i n  
th is  d i r e c t i o n .  However, when t h e  f l u x  i s  switched i n t o  a 
d i r e c t i o n  p a r a l l e l  w i t h  t h e  t o r o i d  axis, t h e r e  m u s t  be 
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e x t e r n a l  f l u x  c losu re .  Consequently, th i s  d i r e c t i o n  i s  a 
hard d i r e c t i o n  of magnet izat ion.  The r e s u l t  i s  that the 
t o r o i d ,  which i s  made f r o m  i s o t r o p i c  material ,  has an i so -  
t r o p i c  p r o p e r t i e s  and can be used as a memory element i n  
the manner which has been desc r ibed  i n  s e c t i o n  3.4.  
It i s  impor tan t  t o  r e a l i z e  that the ax ia l  d i r e c t i o n  
can be made a "harder" d i r e c t i o n  by reducing  the l e n g t h  of  
the t o r o i d .  For example, a t o r o i d  50 m i l  in diameter  and 
1/2 i n c h  long has a s a t u r a t i o n  f i e l d  i n  t h e  hard d i r e c t i o n  
of 13 o e r s t e d s  and a v a l u e  f o r  Br /Bs  of 0.50. If the t o r o i d  
l e n g t h  i s  reduced t o  1/811, the va lues  become 20 o e r s t e d s  f o r  
s a t u r a t i o n  and 0.20 f o r  Br /Bs ,  S i m i l a r l y ,  for a 1/1611 l e n g t h ,  
the s a t u r a t i o n  and remanent r a t i o s  are 50 o e r s t e d s  and 0.08 
r e s p e c t i v e l y ,  It i s  therefore ve ry  easy t o  choose a t o r o i d  
l e n g t h  w i t h  t h e  proper  balance between the s a t u r a t i o n  f i e l d  
and remanent r a t i o  i n  t h e  hard  d i r e c t i o n .  It should  a l s o  
be mentioned tha t ,  i n  t h e  c i r c u m f e r e n t i a l  d i r e c t i o n  ( e a s y  
d i r e c t i o n ) ,  t h e  v a l u e  of  Br/Bs i s  0.98 and the coe rc ive  
f o r c e  i s  2.5 o e r s t e d s .  
In summary, w e  f i n d  i t  more convenient  t o  establish the 
desired a n i s o t r o p y  i n  t h e  memory c e l l  by c o n t r o l l i n g  the s i z e  
and shape of the element rather than by i n t r o d u c i n g  the 




3.7  Welded F o i l  Geometry 
A s  a r e s u l t  of our  design s t u d i e s ,  w e  concluded tha t  
optimum performance from a magnetic f o i l  used as a magnet ic  
s t o r a g e  element would be achieved i f  t h e  f o i l  had a c l o s e d  
f lux  p a t h  geometry i n  t h e  s t o r a g e  d i r e c t i o n ,  and i f  t h e  de- 
s i r e d  a n i s o t r o p y  was in t roduced  i n  t h e  h a r d  d i r e c t i o n  by 
c o n t r o l l i n g  t h e  shape o f  t h e  element ,  e.g.  c o n t r o l l i n g  the 
r a t i o s  o f  l e n g t h ,  diameter  and t h i c k n e s s  of  a t o r o i d .  
Using t h e  e l emen t ' s  dimensions t o  a d j u s t  t h e  a n i s o t r o p y  
w a s  found t o  be o p e r a t i o n a l l y  easier  than us ing  t h e  s t r u c -  
t u r a l  a n i s o t r o p y  of  t h e  f o i l  which i s  in t roduced  t o  the 
d e s i r e d  degree by r o l l i n g  and annea l ing .  
We had p r e v i o u s l y  concluded from o u r  materials and pro- 
c e s s i n g  s t u d i e s ,  that  i t  was meaningful  t o  u s e  m e t a l l i c  f o i l s  
t o  produce magnetic s t o r a g e  elements  of uniform performance. 
The s t o r a g e  element which r e s u l t e d  from t h e s e  cons ider -  
a t i o n s  w a s  a f o i l  o f  permalloy (81.5% ~i-18.5% Fe)  that  was 
welded onto  a copper a l loy  wire s o  that the f o i l  formed a 
t o r o i d  125 m i l s  l ong ,  10 m i l s  d i ame te r ,  w i t h  l /4  m i l  w a l l  
t h i c k n e s s .  (See  F igu re  11.) 
The c i r c u m f e r e n t i a l  d i r e c t i o n s  of  the t o r o i d  are 
d i r e c t i o n s  of easy  magnet izat ion and can be used as i n f o r -  
mat ion  s t o r a g e  s t a t e s ;  the axial d i r e c t i o n  of t h e  t o r o i d  
h a s  been made a h a r d  d i r e c t i o n  by u t i l i z i n g  shape a n i s o t r o p y ,  
and  i t  i s  this  ax ia l  d i r e c t i o n  i n t o  which the flux o f  element 
i s  swung dur ing  t h e  read  cyc le .  
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Binary informat ion  i s  w r i t t e n  i n t o  the s t o r a g e  element 
by pass ing  e i t h e r  a p o s i t i v e  or n e g a t i v e  pu l se  a long  the 
copper a l l o y  suppor t  w i re .  The r e s u l t a n t  magnetic f i e l d  
s e t s  the element i n t o  t h e  d e s i r e d  c i r c u m f e r e n t i a l  s t o r a g e  
d i r e c t i o n .  The s t o r e d  information can be r e a d  or e x t r a c t e d  
from the element by p a s s i n g  a p o s i t i v e  pu l se  a long  the word 
s t r a p  shown i n  F igure  11. 
p u l s e  swings the s t o r e d  f l u x  p a r a l l e l  t o  t h e  axis o f  t h e  
t o r o i d ,  t he reby  c r e a t i n g  a vol tage  pu l se  i n  the copper a l l o y  
suppor t  wire .  The p o l a r i t y  o f  this vo l t age  p u l s e  i s  d e t e r -  
mined by t h e  s t o r a g e  d i r e c t i o n  f r o m  which the s t o r e d  f l u x  
emerged and, hence,  i s  r e l a t e d  t o  the informat ion  s t o r e d  i n  
the b i t .  
The magnetic f i e l d  caused by this 
3.7.1 Magnetic C h a r a c t e r i s t i c s  of D i s c r e t e  S torage  
Elements 
The magnetic c h a r a c t e r i s t i c s  o f  i n d i v i d u a l  welded 
f o i l  s t o r a g e  elements  a r e  as fo l lows :  
~ l l o y :  81.5% Ni-18.5$ Fe, o r  4% Mo-79$ N i - 1 7 %  Fe. 
Squarencsa R a t i o  ( B r / B s )  : 98 
D.C. Coercive Force (Hc): 2.5 o e r s t e d s  
Hard Di rec t ion  S a t u r a t i o n  
Magnetomotive Force  ( Hk) : 20 o e r s t e d s  
3.7.2 Opera t iona l  C h a r a c t e r i s t i c s  o f  D i s c r e t e  S torage  
E l  emen t s 
The o p e r a t i o n a l  c h a r a c t e r i s t i c s  o f  the s t o r a g e  
e l emen t s  a r e  more s i g n i f i c a n t l y  desc r ibed  f o r  an a r r a y  o f  
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elements  p l u s  a s s o c i a t e d  e l e c t r o n i c s ,  i . e .  f o r  the complete 
memory system. Such a system d e s c r i p t i o n  i s  given i n  Sec t ion  
4.5; 
f o r  i n d i v i d u a l  s t o r a g e  elements are given below. 
however, some t y p i c a l  ranges  of o p e r a t i o n a l  c o n d i t i o n s  
Read Cycle: 
Read Current  Iw 0.8-1.0 amps. 
Pulse  R i s e t i m e s  50-100 nanosec.  
Pulse  Widths 0.5-1.0 microsec.  
Flux Switching Time ( f rom s t o r a g e  s t a t e  t o  read 
s ta te)  under above cond i t ions :  200-500 nanosec.  
Output Voltage 2 1 mv. 
Write Cycle: 
Write o p e r a t i o n s  m u s t  be  preceded by a read o p e r a t i o n  
i n  o r d e r  t o  s e t  the f l u x  i n t o  the metastable axial di-  
r e c t i o n .  
mode of i n t e n d e d  ope ra t ion .  
T h i s  i s  a consequence o f  the word-organized 
Write Curren ts  I d  2 250-400 mill iamps.  
Pulse  Rise t imes  5&lOO nanosec.  
Pulse  Widths 0.5-1.0 microsec.  
3.8  Welding Procedure 
All welding i s  p r e s e n t l y  be ing  done by manually 
p o s i t i o n i n g  the f o i l  between m i n i a t u r e  e l e c t r o d e s  of a s p o t  
welder. 
seam welders ,  b u t  the volume o f  welding w e  are p r e s e n t l y  
do ing  does n o t  j u s t i f y  the more e l a b o r a t e  appa ra tus .  
The process  can be automated by us ing  commercial 
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The f i r s t  s t e p  i n  t h e  ope ra t ion  i s  t o  tack-weld the edge 
of t h e  f o i l  t o  the core  wire.  T h i s  co re  w i r e ,  which  i s  used 
as t h e  d i g i t  and sense  l i n e  o f  the memory, i s  u s u a l l y  made of  
10 m i l  d iameter  phosphor-bronze a l l o y  f o r  ease of welding. 
Af te r  tack-welding t h e  edge o f  t h e  wi re  t o  the c o r e ,  t h e  f o i l  
i s  wrapped i n  a s i n g l e  t u r n  around t h e  wire  u n t i l  i t  o v e r l a p s  
t h e  f i r s t  edge, and then  t h e  o v e r l a p  seam i s  spot-welded 
along i t s  l eng th .  The welded s p o t s  a r e  themselves over- 
lapped  s o  as t o  produce a seam weld. The f i n a l  s t o r a g e  
element i s  t h u s  a t o r o i d  made from a f o i l  l/4 t o  1/2 m i l  
t h i c k ,  and 1/16 t o  1/8 i n c h  long, welded t o  a copper a l l o y  
wi re .  The f i n a l  memory w i l l  have as many t o r o i d s  on a s i n g l e  
w i r e  as t h e r e  a r e  words i n  a plane.  
It i s  impor tan t  t o  no te  t h a t  t h e  welded seam does n o t  
produce a d i s c o n t i n u i t y  i n  the  magnetic f l u x  p a t h  of  t h e  
t o r o i d .  T h i s  was confirmed i n  a number of experiments ,  and 
i s  c o n s i s t e n t  w i t h  t h e  f a c t  t h a t  t h e  as-welded m e t a l l u r g i c a l  
s t r u c t u r e  i s  s i m i l a r  t o  t h e  as-annealed s t r u c t u r e  of the r e s t  
of  t h e  f o i l .  
3.9 Advantages and Disadvantages o f  T h i s  S torage  
Element Design 
The advantages of  welding the foil t o  t h e  w i r e  are 
as fo l lows :  
1) The element has a c losed  f l u x  path geometry i n  t h e  
s t o r a g e  d i r e c t i o n  w i t h  t h e  a t t e n d a n t  improvement i n  p e r f o r -  
mance c h a r a c t e r i s t i c s .  
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2) There i s  e x c e l l e n t  coupl ing  between the b i t  and the 
d i g i t  and sense  l i n e .  
3 )  
t o  p u t  i t  i n  the wire as i s  the c a s e  when t h e  permalloy i s  
e i the r  e l e c t r o p l a t e d  o r  vapor-deposi ted on a substrate.  T h i s  
i s  ex t remely  impor tan t  from a q u a l i t y  c o n t r o l  p o i n t  of view. 
The material  need  not  be d i s p r o p o r t i o n a t e d  i n  o r d e r  
4) The f a b r i c a t i n g  procedure i s  a cont inuous ,  rather 
than  ba tch ,  p rocess  which al lows a h i g h e r  y i e l d  t o  be r e a l i z e d .  
In  a cont inuous p rocess  each b i t  can be t e s t ed  b e f o r e  f i n a l  
assembly and de fec t ed  ones r e j e c t e d ;  i n  a b a t c h  p rocess  the 
acceptance  of the e n t i r e  b a t c h - f a b r i c a t e d  p lane  depends upon 
the acceptance of  each  and every b i t  w i t h i n  the p lane  s i n c e  
t h e  b i t s  cannot be a l t e r e d .  
5 )  It i s  very  easy, us ing  this p rocess ,  t o  change t h e  
composition o r  t h e  t h i c k n e s s  of  the magnet ic  m a t e r i a l .  It 
i s ,  of course ,  p o s s i b l e  wi th  this technique  t o  u s e  m u l t i -  
component alloys as the s t o r a g e  mater ia l .  One , t h e r e f o r e  , 
can t a k e  advantage of an  ex tens ive  range o f  material  charac-  
t e r i s t i c s  that a r e  n o t  a v a i l a b l e  from the e l e c t r o p l a t e d  o r  
vapor  - deposi  t e d  technique  . 
The d isadvantages  of t h i s  technique  are: 
1) The f o i l  swi tches  by domain w a l l  movement rather 
than by  the coherent  r o t a t i o n  mechanism o f  t h i n  f i l m s .  As 
a r e su l t ,  the f o i l  w i l l  n o t  s w i t c h  much f a s t e r  than 200 nano- 
seconds  . 
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2) The d r i v e  c u r r e n t s  are somewhat h i g h e r  f o r  the f o i l s  
compared w i t h  t h i n  f i l m s .  However, s i n c e  t h i n  f i l m s  cannot 
be d r iven  by i n t e g r a t e d  c i r c u i t s  e i ther ,  the d i f f e r e n c e  in 
d r i v e  c u r r e n t s  may n o t  be s i g n i f i c a n t .  
In  summary, the f o i l  technology i s  c l e a r l y  s u p e r i o r  t o  
t h i n  f i l m  technology i n  producing magnetic materials of un i -  
form composi t ion,  s t r u c t u r e  and performance. However, i n  
h i g h  speed o r  e x c e p t i o n a l l y  low d r i v e  c u r r e n t  a p p l i c a t i o n s ,  
the t h i n  m e t a l l i c  f i l m s  a r e  more a p p r o p r i a t e .  
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4.0 CARD PROGRAMMABIX MEMORY SYSTEM 
4.1 I n t r o d u c t i o n  
The welded f o i l  element that w e  developed i s  capable  o f  
be ing  ope ra t ed  i n  a convent iona l  read/write memory us ing  a 
l i n e a r  s e l e c t  o r g a n i z a t i o n .  When the element i s  used in such 
a memory, i t s  purpose,  of course ,  i s  t o  s t o r e  informat ion .  
However, the welded f o i l  element can be used i n  ano the r  
type  of memory i n  which the element i s  used as a magnetic 
f i e l d  d e t e c t o r .  In t h i s  type of  memory, in format ion  i s  s t o r e d  
on magnet ic  c a r d s  and t h e  welded f o i l  e lements  are used t o  
d e t e c t  the informat ion  on the ca rds .  The resu l t  i s  a c a r d  
programmable memory system i n  which a v a s t  amount of  data 
can be compactly s t o r e d  on magnetic ca rds .  
A p lane  o f  these f o i l  elements i s  v e r y  w e l l  s u i t e d  t o  
r e a d i n g  in fo rma t ion  from magnetic ca rds .  The plane i t s e l f  
i s  of f a v o r a b l e  geometry f o r  i n t e r f a c i n g  w i t h  magnetic ca rds :  
the p lanes  have t h e  r e q u i r e d  s e n s i t i v i t y  and they  are a l s o  
rugged enough t o  be used in c o n t a c t  w i t h  c a r d s  that  a r e  re- 
p e a t e d l y  i n s e r t e d  and removed. 
An i n v e s t i g a t i o n  r evea led  t o  u s  that t h e r e  i s  ve ry  l i t t l e  
developmental  work i n  progress  on c a r d  programmable memories, 
and y e t  there Is a r t ip id lg  i n c m a s i n g  need for! these memories 
i n  i n d u s t r y ,  de fense  and space.  These a p p l i c a t i o n s  are de ta i l ed  
i n  Sec t ion  5.0, b u t  t h e y  inc lude  the a r e a s  of s e c u r i t y ,  inven-  
t o r y  c o n t r o l ,  i d e n t i f i c a t i o n  f r i e n d  o r  f o e  (IFF) systems, 
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BORAM systems , read-only memories  , and gene ra t ion  o f  d i g i t a l  . 
p u l s e  t r a i n s .  
Since the need f o r  ca rd  programmable memories i s  f a s t  
o u t s t r i p p i n g  the development work on these memories, and s i n c e  
our  welded foil elements  could make a meaningful  c o n t r i b u t i o n  
i n  this area, w e  decided t o  concen t r a t e  our e f f o r t s  on devel-  
oping an improved c a r d  programmable memory. 
The r e s u l t  of  this development work was t h e  c a r d  program- 
mable memory system shown i n  F igu re  12. 
of magnetic ca rds  f o r  in format ion  s t o r a g e ,  an encoding u n i t  
f o r  e n t e r i n g  the informat ion  on t h e  ca rd ,  and a reader u n i t  
f o r  r a p i d l y  e x t r a c t i n g  the informat ion  from the card .  Complete 
d e s c r i p t i o n s  of the magnetic c a r d s ,  the encoding u n i t ,  and 
the reader u n i t  are given i n  Sec t ion  4.2 th rough 4.5. 
The system c o n s i s t s  
4.2 The Magnetic S torage  Card 
4.2.1 Physic a1 C h a r a c t e r i s t i c  s 
The p r e s e n t  s t o r a g e  c a r d  i s  2 l/4 i n c h e s  wide by  
3 3/4 i n c h e s  l o n g  by 0.050 i n c h  t h i c k ,  and i s  composed o f  
magnet ic  b i t s  l amina ted  between two s h e e t s  o f  v i n y l .  
i s  humidi ty  r e s i s t a n t ,  can be placed  i n  b o i l i n g  water wi thou t  
s o f t e n i n g ,  i s  r i g i d  and ab ras ive  r e s i s t a n % ,  and cannet  be 
f o l d e d ,  s p i n d l e d  o r  e a s i l y  mut i la ted .  Although the c a r d  can 
be d e s t r o y e d  by f i r e ,  i t  cannot be i g n i t e d ,  and i s  p h y s i c a l l y  
v e r y  durable. It would be very d i f f i c u l t  t o  a l t e r  the s t o r e d  
i n f o  rmat i on 
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4.2.2 Magnetic C h a r a c t e r i s t i c s  
The s t o r a g e  medium i s  a one-mil f o i l  of a c o b a l t -  
iron-vanadium (52-38-10) a l l o y  that  has a p r e f e r r e d  a n i s o t r o p y  
induced by r o l l i n g ;  
a long  the r o l l i n g  d i r e c t i o n .  
tha t  i s ,  t h e  f o i l  p r e f e r s  t o  be magnetized 
The D.C. coe rc ive  f o r c e  o f  the material  i s  about 300 oe 
f o r  a c l o s e d  f lux  p a t h  geometry, and the remanent f l u x  d e n s i t y  
i s  about  8800 gauss .  
f o r c e  that  makes i t  d i f f i c u l t  t o  a c c i d e n t a l l y  a l t e r  the i n -  
format ion  on the ca rd  by p l ac ing  i t  n e a r  e l e c t r o n i c  equipment. 
(Note:  
i s  on ly  0.05 oe,  and this a l l o y  can be d i s tu rbed  by the ear th 's  
f i e l d . )  It i s  wor th  mentioning that  a #12 copper w i r e  c a r r y i n g  
a 20 ampere c u r r e n t  produces a magnetic f i e l d  of only 4 oe. 
The informat ion  conta ined  on the c a r d s  has proven t o  be very  
d u r a b l y  s t o r e d .  The f a c t  that  t h e  informat ion  i s  s t o r e d  i n  
b i n a r y ,  r a t h e r  than  ana log  fo rm,  would h e l p  t o  prevent  de- 
g r a d a t i o n  even i f  the c a r d  were somehow exposed t o  an i n t e n s e  
f i e l d  (>ZOO oe) .  
It i s  the h i g h  va lue  of  the c o e r c i v e  
The coe rc ive  f o r c e  o f  permalloy, a n i c k e l - i r o n  a l l o y ,  
* 4 
The magnetic a l l o y  i n s i d e  the c a r d  i s  n o t  a cont inuous 
f o i l  b u t  rather h a s  been etched i n t o  d i s c r e t e  b i t s .  A t  
p r e s e n t ,  t h e  pro to type  ca rds  have bits ia the f o r m  ef squar-- U O  
1/8 i n c h  by 1/8 i n c h  on 31'8 i n c h  c e n t e r s  i n  the X d i r e c t i o n ,  
and l/4 i n c h  c e n t e r s  i n  the Y d i r e c t i o n .  
d e n s i t y ,  each  2 l / 4  i n c h  by 3 3/4 i n c h  c a r d  can con ta in  90 
A t  th is  packing 
-54- 
b i t s ,  and a s i n g l e  column card-magazine one f o o t  long can a t  
p r e s e n t  con ta in  2.3 x lo4  b i t s ,  We a n t i c i p a t e  a s i g n i f i c a n t  
i n c r e a s e  i n  the s t o r a g e  capac i ty  o f  the c a r d ,  s i n c e  w e  have 
n o t  begun t o  approach t h e  i n t e r a c t i o n  d i s t a n c e  of  the b i t s .  
Based on our  p re l imina ry  work, w e  expec t  t o  ea s i ly  produce 
a packing d e n s i t y  o f  50 b i t s / s q .  i n ,  which i s  e q u i v a l e n t  t o  
4 x l o 6  b i t s / c u .  f t .  
4.3 The Encoding Unit  
The magnetic b i t s  p r e f e r  t o  be magnetized i n  on ly  two 
d i r e c t i o n s :  e i t h e r  p a r a l l e l  o r  a n t i - p a r a l l e l  t o  t h e  r o l l i n g  
d i r e c t i o n  of the f o i l .  When the b i t s  are exposed t o  a mag- 
n e t i c  f i e l d  that i s  l a r g e  enough t o  magne t i ca l ly  saturate  
t h e m  i n  e i t h e r  of t h e s e  d i r e c t i o n s ,  i t  i s  the n a t u r e  of  the 
b i t s  t o  remain almost  completely saturated i n  the magnet iza t ion  
d i r e c t i o n ,  even when the magnetic f i e l d  i s  removed. Conse- 
P 
q u e n t l y ,  t h e s e  two s a t u r a t i o n  s t a t e s  o r  d i r e c t i o n s  can be used 
t o  s t o r e  b i n a r y  informat ion .  
Information can be w r i t t e n  on the c a r d s  by p l a c i n g  each  
b i t  a c r o s s  the po le s  o f  an electromagnet ;  the p o l a r i t y  o f  
the magnet c u r r e n t  determines whether t h e  b i t  i s  magnetized 
p a r a l l e l  o r  m t i - p a r a l l e l  t o  the r o l l i n g  d i r e c t i o n .  
I n  p r a c t i c e ,  t h e  s t o r a g e  c a r d  i s  i n s e r t e d  i n  an Encoder 
and i s  a u t o m a t i c a l l y  pos i t i oned  i n  f r o n t  of an array of 
e l ec t romagne t s  which s imul taneous ly  write informat ion  i n t o  
a l l  the b i t s .  The Encoder i s  shown i n  F igu re  12. A block  
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diagram of  t h e  encoder i s  shown i n  F igu re  13, and a schematic  
c i r c u i t  diagram of the u n i t  appears  i n  Engineer ing  Drawing 
#OOl a t  the end of this r e p o r t .  
t o p  panel  a r e  used t o  determine the sense  of the c u r r e n t s  i n  
The togg le  swi tches  on the 
the i n d i v i d u a l  e lec t romagnets ,  and hence the informat ion  s t o r e d  
i n  e a c h  b i t .  
( b i n a r y  i n p u t )  i s  convenient ,  b u t  f o r  a f i e l d  u n i t  the s w i t c h  
a r r a y  would be r e p l a c e d  by b inary  coded decimal (BCD) encoding 
d i a l s .  
For  l a b o r a t o r y  o p e r a t i o n ,  the s w i t c h  a r r a y  
When informat ion  i s  w i r t t e n  on the c a r d ,  the o p e r a t o r  
u s u a l l y  demands a v e r i f i c a t i o n  d i s p l a y  of the informat ion .  
S ince  a permanent d i s p l a y  and r e c o r d  of  the informat ion  i s  
des i rab le ,  w e  p lan  t o  use a b i n a r y  p r i n t e r  i n  conjunct ion  w i t h  
the Ehcoder. 
4.4 The Magnetic Card Reader 
4.4.1 The De tec to r  Plane 
The welded f o i l  elements were assembled i n t o  an 
e n g i n e e r i n g  model of a t y p i c a l  d e t e c t o r  p lane .  The f i r s t  
p l a n e s  conta ined  n i n e  d e t e c t o r s  ( 3  words x 3 b i t s )  and were 
assembled us ing  the same m a t e r i a l s  and techniques  that would 
be u s e d  in a l a r g e r  s r r g y ,  
The d e t e c t o r s  are mounted on a r e c t a n g u l a r  glass epoxy 
boa rd  i n  which there i s  a r e c t a n g u l a r  window. The o u t e r  d i -  
mensions of the board  are 3 3/8 i n .  by 2 1/2 i n  . by 1/16 i n .  ; 
the dimensions o f  the window are 1 l/4 i n .  by 1 1/8 i n .  
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There are t h r e e  p a r a l l e l  l i n e s  o f  d e t e c t o r s  s t r u n g  a c r o s s  
the window i n  the board. On each  d e t e c t o r  l i n e  there are three 
welded f o i l  e lements ,  which as p r e v i o u s l y  desc r ibed ,  are 1/8 i n .  
long  t o r o i d s  mounted on 3/8 i n .  c e n t e r s .  There are a l s o  t h r e e  
word l i n e s  that run i n  a d i r e c t i o n  pe rpend icu la r  t o  the d e t e c t o r  
l i n e s ,  and pass  over  the d e t e c t o r  l i n e s  a t  the l o c a t i o n  o f  the 
t o r o i d s .  These word l i n e s  a r e  two twisted p a i r s  of  7 m i l  copper 
wi res  that  are wired s o  that t h e y  form a v i r t u a l  two-turn 
s o l e n o i d  around e a c h  t o r o i d .  It i s  these word l i n e s  that  
c a r r y  the read c u r r e n t  which i s  used t o  se t  the f l u x  o f  t h e  
t o r o i d  i n t o  the a x i a l  d i r e c t i o n .  
I n  the o r i g i n a l  des ign  t h e  word l i n e s  were s t r a p s  that 
made a s i n g l e  pas s  around the t o r o i d s .  However, by u s i n g  
twis ted  pair word lims, there i s  imppoveh magnet ic  coupl ing  
t o  t h e  b i t  and, j u s t  as impor tan t ,  t h e r e  i s  an a t t e n d a n t  re- 
duc t ion  i n  s p u r i o u s  coupl ing  between t h e  word and sense  l i n e s .  
The combined r e s u l t  i s  a s i g n i f i c a n t  improvement i n  the 
s i g n a l - t o - n o i s e  r a t i o  of t h e  swi t ch ing  device .  
There i s  one o t h e r  se t  of l i n e s  on the p lanes .  These are 
three 10 m i l  copper wires t h a t  a r e  run p a r a l l e l  t o  each  de- 
t e c t o r  l i n e ,  and are e l e c t r i c a l l y  connected t o  one end of e a c h  
o f  the d e t e c t o r  l i n e s .  These r e t u r n  l i n e s  cause more e f f e c t i v e  




4.4.2 The I n t e r a c t i o n  of Card and Plane  
As p r e v i o u s l y  mentioned, i n fo rma t ion  i s  s t o r e d  i n  
the c a r d  b i t s  by s a t u r i n g  them i n  a d i r e c t i o n  e i t h e r  p a r a l l e l  
o r  a n t i - p a r a l l e l  t o  the r o l l i n g  d i r e c t i o n  of  t h e  f o i l .  The 
same amount of f lux  i s  s t o r e d  i n  b o t h  s a t u r a t i o n  d i r e c t i o n s ,  
t h e  d i f f e r e n c e  i n  s t a t e  i s  one of p o l a r i t y .  Consequently,  
t h e  mechanism of r e a d i n g  m u s t  be capable  of d i s t i n g u i s h i n g  
p o l a r i t i e s  o f  magnet iza t ion  rather than  f l u x  l e v e l s .  
The p o l a r i t y  o f  magnet iza t ion  i s  determined by sampling 
the e x t e r n a l  c l o s u r e  f l u x  surrounding e a c h  b i t .  Since e a c h  
c a r d  b i t  has a p l a n a r  geometry and i s  i n  a s t a t e  of s a t u r a t i o n ,  
i t  i s  necessa ry  that f l u x  c l o s u r e  occurs  e x t e r n a l l y .  The 
p o l a r i t y  of  this c l o s u r e  f l u x  i s ,  of course ,  determined by 
the p o l a r i t y  of the f l u x  w i t h i n  t h e  b i t .  Each d e t e c t o r  w i t h i n  
the c a r d  reader i n t e r c e p t s  only a s m a l l  p o r t i o n  o f  the f l u x  
e x t e r n a l  t o  each  b i t ;  the i n t e r c e p t e d  f i e l d  l e v e l s  a r e  about  
20 o e r s t e d s  p e r  b i t .  
The d e t e c t o r s  w i t h i n  the  c a r d  reader which sense  the 
p o l a r i t y  of magnet iza t ion  a re  t h e  welded f o i l  elements.  As 
e x p l a i n e d  i n  Sec t ion  3 . 7 ,  the  f l ux  w i t h i n  the welded f o i l  pre-  
f e r s  t o  remain i n  a s t a t e  of s a t u r a t i o n  d i r e c t e d  around the 
zircurif 'erenzz of  t h e  tube .  The f l u x  cm r e s ide  ir! e i t h e r  sense 
around the circumference.  
Now the reason this element can sense  t h e  p o l a r i t y  of the 
b i t s  on the magnetic c a r d  i s  that  the p o l a r i t y  o f  the e x t e r n a l  
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f i e l d  of  e a c h  b i t  i s  capable  o f  c o n t r o l l i n g  the c i r c u m f e r e n t i a l  
d i r e c t i o n  i n  which the f l u x  of t h e  d e t e c t o r  tube w i l l  reside.  
Therefore ,  when the d e t e c t o r  t u b e  f l u x  i s  swung a long  the tube 
l e n g t h  t o  produce a v o l t a g e ,  the p o l a r i t y  o f  this v o l t a g e  p u l s e  
w i l l  r e f l e c t  the p o l a r i t y  of the b i t  on the magnetic ca rd .  The 
r e l a t i o n s h i p  between the card  b i t  and the d e t e c t o r  element i s  
i l l u s t r a t e d  i n  F i g u r e  14. 
The magnetic f i e l d  r e q u i r e d  t o  s w i t c h  the f l u x  of the 
d e t e c t o r  from one c i r c u m f e r e n t i a l  d i r e c t i o n  t o  the o t h e r  i s  
o n l y  about  0.5 oe ,  and as mentioned p r e v i o u s l y ,  t h e  d e t e c t o r  
i n t e r c e p t s  a f i e l d  of a b o u t  20 08 from e a c h  b i t .  Now, because 
of the s o f t  magnet ic  n a t u r e  ( low c o e r c i v e  f o r c e )  of the per-  
mal loy d e t e c t o r ,  i t  requires a r e l a t i v e l y  l o w  f i e l d  and hence 
low power, t o  swing t h e  c i r c u m f e r e n t i a l  f l u x  i n t o  an axial 
d i r e c t i o n  and t h u s  produce a v o l t a g e .  Furthermore,  t h e  h i g h  
remanent f l u x  d e n s i t y  of  permalloy (6000 gauss )  produces a 
h i g h  v o l t a g e  when switched.  It i s  impor t an t  t o  n o t e  that  the 
low f i e l d  l e v e l  ( a b o u t  10-20 o e )  which causes  the f l u x  i n  the 
d e t e c t o r  t o  swing i n t o  an axial d i r e c t i o n ,  has no e f f e c t  on 
the f l u x  s t o r e d  i n  the magnetic c a r d  b i t s  s i n c e  this material  
has a c o e r c i v e  f o r c e  o f  about 300 oe. 
In p r a c t i c e ,  t h e  c i r c u m f e r e n t i a l  flux o f  the detector 
i s  swung i n t o  an axial p o s i t i o n  by p l a c i n g  t h e  d e t e c t o r  element 
i n s i d e  a v i r t u a l  two-turn so l eno id  through which can be passed  


















In  summary then ,  t h e  p o l a r i t y  of  the e x t e r n a l  f l u x  o f  
each  magnetic c a r d  b i t  c o n t r o l s  the s t o r a g e  d i r e c t i o n  of  the 
d e t e c t o r  element.  When the f l u x  o f  the d e t e c t o r  element i s  
swung i n t o  an axial  d i r e c t i o n ,  the p o l a r i t y  of  the r e s u l t a n t  
v o l t a g e  r e f l e c t s  the p o l a r i t y ,  and hence tho  in fo rma t ion ,  of 
the magnet ic  c a r d  b i t s .  The advantage o f  this method i s  
that  the informat ion  conta ined  on the magnet ic  c a r d  i s  i n  no 
way d i s tu rbed  by the i n t e r r o g a t i o n ,  and fur thermore ,  the 
power r e q u i r e d  f o r  i n t e r r o g a t i o n  i s  cons ide rab ly  reduced. 
There i s  a d e t e c t o r  element i n  the Reader box f o r  eve ry  
b i t  conta ined  on the magnetic ca rd .  The d e t e c t o r s  a r e  e l e c -  
t r o n i c a l l y  ope ra t ed  i n  a word o rgan ized  mode, that i s ,  t h e  
in fo rma t ion  i s  addressed i n  b locks  (words) and the o u t p u t s  
o f  e a c h  b i t  w i t h i n  a word a r e  s imul taneous ly  sensed.  
would be p o s s i b l e ,  o f  course,  t o  have on ly  one s e t  of d e t e c t o r  
e lements  i n  the Reader,  and t o  mechanica l ly  move each  word 
unde rnea th  the d e t e c t o r s .  
more s imple ,  f a s t e r  and re l iab le  by e l i m i n a t i n g  the mechanical  
movements . 
It 
The system, however, i s  cons ide rab ly  
4.5 The Card Reader E l e c t r o n i c s  
The e l e c t r o a i c s  a s s o c i a t e d  w i t h  the c a r d  reader m u s t  
per form two o p e r a t i o n s :  f i r s t ,  i t  m u s t  d r i v e  the c i rcumfer -  
e n t i a l  f lux o f  t h e  d e t e c t o r  i n t o  an axial d i r e c t i o n ,  and 
second,  i t  m u s t  be capable  of  s e n s i n g  and ampl i fy ing  the 
r e s u l t a n t  v o l t a g e .  The c i r c u i t s  which perform t h e s e  o p e r a t i o n s  
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are desc r ibed  below. It i s  wor th  n o t i n g  the s i m p l i c i t y  of  
t h e s e  c i r c u i t s ,  s i n c e  i t  i s  this  s i m p l i c i t y  which produces 
the h i g h  r e l i a b i l i t y  of the system. 
Due t o  the word organized  mode o f  o p e r a t i o n ,  there i s  one 
word d r i v e  c i r c u i t  which i s  s e q u e n t i a l l y  switched from word t o  
word. However, t h e r e  i s  one a m p l i f i e r  c i r c u i t  f o r  e a c h  b i t  
i n  any word, and t h i s  r e s u l t s  i n  a fas ter ,  s imultaneous read- 
o u t  of the informat ion  on the  c a r d .  A block  diagram of  the 
c a r d  reader i s  shown i n  F igure  1s. 
4.5.1 Drive C i r c u i t s  
The d r i v e  c i r c u i t  s u p p l i e s  a "read" pu l se  t o  the 
two-turn s o l e n o i d  that  causes  the c i r c u m f e r e n t i a l  f l u x  o f  the 
d e t e c t o r  t o  swing i n t o  the a x i a l  d i r e c t i o n .  In  the p r e s e n t  
system, the d r i v e  c i r c u i t  s u p p l i e s  t o  the word s o l e n o i d  a 
one-ampere p u l s e ,  500 nanoseconds wide, w i t h  a 50 nanosecond 
r i se t ime.  T h e  d r i v e  c i r c u i t  i s  a r e f e r e n c e  g e n e r a t o r  which 
i s  composed of an o s c i l l a t o r  (0.2-1.0 mc),  a s i n g l e - s h o t  
m u l t i v i b r a t o r ,  a h i g h  speed power s w i t c h ,  and a network t o  
compensate f o r  word l i n e  inductance .  One end o f  the word 
s o l e n o i d  i s  held a t  +12 v o l t s ,  the o t h e r  end i s  grounded 
th rough  the power swi tch .  
and #003 a t  the end o f  t h i s  r e p o r t . )  
4.5.2 Amplifying C i r c u i t s  
(See Engineer ing  Drawings #002 
The ou tpu t  s i g n a l  produced by the d e t e c t o r  element 
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This t r ans fo rmer  precedes the f i r s t  two d i f f e r e n t i a l  s t a g e s  
of the sense a m p l i f i e r ,  which has a h i g h  common mode r e j e c t i o n  
(>80 db) a t  these o p e r a t i o n a l  f r e q u e n c i e s .  A t  this p o i n t ,  
the s i g n a l  i s  s t r o b e d  by a ga te  which i s  a c t i v a t e d  by a 
s i n g l e - s h o t  m u l t i v i b r a t o r  i n  the r e f e r e n c e  gene ra to r .  (See 
t iming  diagram i n  F igure  16.) The s t r o b e d  ou tpu t  s i g n a l  i s  
fu r the r  ampl i f i ed  by a complementary s t a g e  and s t o r e d  i n  a 
b i s t ab le  m u l t i v i b r a t o r .  The three a m p l i f i e r  s t a g e s  have a 
ga in  g r e a t e r  than  4000. A t  p r e s e n t ,  the m u l t i v i b r a t o r  i s  
connected t o  a semiconductor switch which i s  capable  of  
swi t ch ing  24 v o l t s  a t  c u r r e n t  l e v e l s  above 100 m a ;  however, 
t h i s  c a p a c i t y  can be e a s i l y  inc reased .  
It i s  a t  t h i s  p o i n t  that  the b u f f e r  s t a g e s  could  be 
added t o  i n t e r f a c e  t h e  c a r d  reader w i t h  o t h e r  d i s p l a y ,  com- 
p u t a t i o n a l  o r  c o n t r o l  systems. 
The sense  and hold  c i r c u i t s  a r e  shown i n  Engineer ing 
Drawing #OO4. 
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A P P L I C A T I O N S  OF CARD PROGRAMMABLE M E M O R I E S  
There i s  a r a p i d l y  i n c r e a s i n g  need f o r  c a r d  programmable 
memories i n  i n d u s t r y ,  defense and space.  
In  i n d u s t r y ,  the a r e a s  of a p p l i c a t i o n  are in c o n t r o l  and 
s e c u r i t y .  
used i n  i n v e n t o r y  c o n t r o l ,  p l a n t  maintenance c o n t r o l ,  sh ipp ing  
and r e c e i v i n g  r e c o r d s ,  i n v o i c i n g ,  and product ion job-cos t ing .  
In  e a c h  case  t h e  magnetic cards  are used as u n i t  r eco rds  that  
I n  the area of c o n t r o l ,  the memory system can be 
I 
are a s s o c i a t e d  w i t h  a p a r t i c u l a r  i t e m  o r  job. The rugged 
n a t u r e  of  the c a r d s  makes them p a r t i c u l a r l y  wel l - su i ted  f o r  
these f i e l d  a p p l i c a t i o n s .  In the area o f  s e c u r i t y ,  t h e  c a r d s  
are used f o r  personnel  i d e n t i f i c a t i o n  and as pass-cards  t o  
provide  a c c e s s  t o  secured  areas. 
In defense ,  the a r e a s  o f  a p p l i c a t i o n s  are aga in  c o n t r o l  
and s e c u r i t y .  
the a p p l i c a t i o n s  as d i scussed  above, b u t  a l s o  c o n t r o l  o f  
o p e r a t i o n s .  For example , the  c a r d  programmable memories are 
u s e f u l  f o r  b lock -o r i en ted  random-access memories (BORAM), 
and are used by the Army f o r  s t o r i n g  f i e l d  data, such as 
f i r i n g  tables ,  codes-of-the-day, e t c .  
the c a ~ d s  are p a r t i c u l a r l y  w e i i - s u i t e d  for b a t t l e g r o u n d  iden-  
t i f i c a t i o n  f r i end-o r - foe  ( IFF)  systems. 
B u t  now the a r e a  of c o n t r o l  i n c l u d e s ,  n o t  on ly  
In the a r e a  of s e c u r i t y ,  
In  space ,  t h e  c a r d  programmable memory i s  u s e f u l  f o r  
s t o r i n g  cont ingency programs on board manned f l i g h t  v e h i c l e s  




p o s s i b l e  t o  p r e d i c t  t h e  d i f f i c u l t i e s  that  would be produced 
i f  a component were t o  f a i l  i n  f l i g h t .  As a r e s u l t ,  a con- 
t ingency  program can be s t o r e d  on magnetic c a r d s  that would 
a d j u s t  o t h e r  on-board systems t o  compensate f o r  the component 
fa i lure .  On deep space probes,  t h e s e  programs would have t o  
be c a r r i e d  on board rather than h e l d  a t  a t e r r e s t i a l  base, due 
t o  the communication t i m e  l a g s  on these miss ions .  It i s  ve ry  
e f f i c i e n t  t o  s t o r e  these programs on ca rds  because a l a r g e  
number of  programs can be compactly s t o r e d  i n  t h e  f l i g h t  
v e h i c l e .  These c a r d s  remain completely independent  of the 
c e n t r a l  p rocess ing  computer u n l e s s  needed; consequent ly ,  
the computer need n o t  be burdened w i t h  a l a r g e  m a s s  of data 






The conc lus ions  that  r e s u l t  from this work can be sum- 
marized as fo l lows:  
PHASE I - MATERIALS AND PROCESSING 
1. Through the use o f  zone r e f i n i n g  and zone l e v e l i n g  
procedures ,  i t  i s  p o s s i b l e  t o  produce extended l e n g t h s  of 
magnetic f o i l  6-8 microns t h i c k ,  o f  e x c e p t i o n a l l y  uniform 
composition. 
t r o l  i s  a s e r i o u s  d i f f i c u l t y  w i t h  vacuum d e p o s i t e d  and e l e c t r o  
d e p o s i t e d  t h i n  f i l m s .  
T h i s  i s  s i g n i f i c a n t  because composi t iona l  con- 
2. Through the ope ra t ion  of r o l l i n g  permalloy rods  i n t o  
f o i l ,  i t  i s  p o s s i b l e  t o  produce very  pronounced magnetic aniso- 
t r o p i e s ,  even i n  low m a g n e t o s t r i c t i v e  a l l o y s .  The e f f e c t  i s  
produced by g r a i n  e longa t ion ,  and the r e s u l t a n t  a n i s o t r o p y  
can be u s e f u l l y  employed i n  word organized  memory devices .  
3 .  Through t h e  ope ra t ion  o f  annea l ing  the r o l l e d  f o i l ,  
i t  i s  p o s s i b l e  t o  reduce t h e  c o l d  worked a n i s o t r o p y  t o  any 
d e s i r e d  degree ,  o r  t o  completely e l i m i n a t e  i t .  If annea l ing  
i s  c a r r i e d  t o  complet ion,  the e longa ted  g r a i n s  r e c r y s t a l l i z e  
i n  the s o l i d  s t a t e  t o  form new, s t r a i n - f r e e  e q u i a x i a l  g r a i n s .  
4. It i s  n o t  p o s s i b l e  t o  induce magnetic a n i s o t r o p y  
i n  f o i l s  of 81.55 Ni-18.5% Fey o r  4% Mo-79% N i - 1 7 $  Fe alloys 
by a n n e a l i n g  them in a magnetic f i e l d ,  a l though  w e  recognize  
that  t h i s  can be done i n  t h i n  f i l m s  o f  the same composi t ions.  
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5. It i s  p o s s i b l e  t o  t a i l o r  t h e  magnetic c h a r a c t e r i s t i c s  
of  a l l o y s  of b o t h  81.5% Ni-18.5$ Fe ,  and 4% Mo-795 N i - 1 7 %  Fe 
f o r  use i n  word organized  memories. 
PHASE I1 - DEVICE DESIGN 
1. The element has a c l o s e d  f l u x  p a t h  geometry i n  the 
s t o r a g e  d i r e c t i o n  w i t h  the a t t e n d a n t  improvement i n  p e r f o r -  
mance c h a r a c t e r i s t i c s .  
2. There i s  e x c e l l e n t  coupl ing  between t h e  b i t  and the 
d i g i t  and sense  l i n e .  
3 .  The m a t e r i a l  need no t  be d i s p r o p o r t i o n a t e d  i n  o r d e r  
t o  p u t  i t  i n  t h e  wire as i s  the case  where the permalloy i s  
e i t h e r  e l e c t r o p l a t e d  o r  vapor depos i t ed  on a substrate .  T h i s  
i s  extremely impor tan t  from a q u a l i t y  c o n t r o l  po in t  of view. 
4. The f a b r i c a t i n g  procedure i s  a cont inuous ,  r a t h e r  
t h a n  ba tch ,  p rocess  which al lows a h i g h e r  y i e l d  t o  be r e a l i z e d .  
I n  a cont inuous p rocess  each b i t  can be t e s t e d  be fo re  f i n a l  
assembly and d e f e c t i v e  ones r e j e c t e d ;  i n  a b a t c h  process  
the acceptance of the e n t i r e  b a t c h - f a b r i c a t e d  plane depends 
upon the acceptance  o f  e a c h  and eve ry  b i t  w i t h i n  the p lane  
s i n c e  the b i t s  cannot  be altered.  
5.  It is very  easy ,  using this p rocess ,  t o  change the 
composition o r  the t h i c k n e s s  o f  the magnetic materiel. It 
i s ,  of cour se ,  p o s s i b l e  w i t h  th is  technique  t o  u s e  m u l t i -  
component a l l o y s  as the s to rage  material .  One, t h e r e f o r e ,  
can t a k e  advantage o f  an ex tens ive  range o f  material  
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c h a r a c t e r i s t i c s  that are not  a v a i l a b l e  from the e l e c t r o p l a t e d  
o r  vapor d e p o s i t e d  technique. 
6. The f o i l  swi tches  by domain w a l l  movement rather than 
by the coherent  r o t a t i o n  mechanism of  t h i n  f i l m s .  As a r e s u l t ,  
t h e  f o i l  w i l l  n o t  swi t ch  much f a s t e r  than 200 nanoseconds. 
7. The d r i v e  c u r r e n t s  are  somewhat h i g h e r  f o r  the f o i l s  
compared w i t h  t h i n  f i l m s .  However, s i n c e  t h i n  f i l m s  cannot be 
d r iven  by i n t e g r a t e d  c i r c u i t s  e i t h e r ,  t h e  d i f f e r e n c e  i n  d r i v e  
c u r r e n t s  may n o t  be s i g n i f i c a n t .  
8. The f o i l  technology i s  c l e a r l y  s u p e r i o r  t o  t h i n  f i l m  
technology i n  producing magnetic materials of uniform composi t ion,  
s t r u c t u r e  and performance. However, i n  h i g h  speed o r  excep- 
t i o n a l l y  low d r i v e  c u r r e n t  a p p l i c a t i o n s  , the t h i n  m e t a l l i c  f i l m s  
a r e  m o r e  a p p r o p r i a t e .  
PHASE I11 - DEVELOPMENT OF A CARD PROGRAMMABLE MEMORY 
1. The f o i l  s t o r a g e  elements o p e r a t e  very  w e l l  as magnetic 
f i e l d  d e t e c t o r s  and can be used as d e t e c t o r s  f-reading i n -  
format ion  from magnet ic  cards .  
2. The d e t e c t o r s  ope ra t e  wi thou t  r e l a t i v e  motion between 
themselves  and the magnetic ca rds ,  and are capable  of reading  
the in fo rma t ion  i n  a non-des t ruc t ive  manner a t  c lock  r a t e s  up 
t o  two megacycles. 
3 .  The informat ion  s t o r e d  on t h e  c a r d s  can be e l e c t r o n -  
i c a l l y  a l t e r e d  and y e t  t h e  informat ion  so s t o r e d  i s  very  du rab le  
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